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1.1 Background 
Biological communities are defined as assemblages of species living together 
in the same time and space, interacting with each other and with their abiotic 
environment (Keddy, 1992a; Vellend, 2010). Various processes are currently 
thought to shape the composition (species identities) and structure (species 
interconnections, e.g. trophic relationships) of communities (Vellend, 2010; 
Weiher et al., 2011; Kraft et al., 2015). According to the neutral theory, 
individuals within a community are equivalent and assemblages are mainly 
defined by random processes of dispersal, establishment, extinction, and 
speciation (Chave, 2004; Vellend, 2010). The species assortment concept implies 
that species interactions such as competition are responsible for the composition 
of biological communities (Ulrich et al., 2010). Finally, the environmental 
filtering metaphor describes how abiotic factors act as filters on the potential 
species pool and determine which species are able to survive, grow and reproduce 
under given environmental conditions (Keddy, 1992; Ulrich et al., 2010). Neutral 
theory, species assortment and environmental filtering are not mutually exclusive 
and their relative influence on communities likely changes with the type of 
organisms as well as the spatial and temporal scale (Weiher et al., 2011).  
In this thesis, the focus is on the relationships between communities and their 
abiotic environment. Human activities worldwide are currently responsible for 
large environmental modifications at unprecedented rates; those changes result in 
a range of stressful conditions (e.g. hypoxia, toxicity, habitat simplification) and 
are hence likely to affect biological assemblages especially via environmental 
filtering (Corlett, 2015; Kopf et al., 2015). In the context of the current 
biodiversity crisis, it is important not only for ecologists, but also for policy 
makers and environmental managers, to understand and forecast biotic responses 
to environmental changes and to identify potential mitigation measures (Chapin 
et al., 2000; Hooper et al., 2005; Peterson et al., 2010). In particular, it is 
considered important to disentangle and understand biotic responses to the 
simultaneous influence of various environmental factors, which potentially 
interact with each other (Ormerod et al., 2010). This holds particularly for 
freshwater ecosystems, which are amongst the most biodiverse but also the most 
degraded ecosystems, being subject to a variety of profound anthropogenic 
changes (Millenium Ecosystem Assessment, 2005; Naiman & Dudgeon, 2011; 
Kopf et al., 2015). 
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Lakes, streams and wetlands cover only about 0.8% of the Earth’s surface but 
shelter a disproportionate fraction of the total biodiversity: about 10% of all 
described species live in freshwater environments (Dudgeon et al., 2006; Naiman 
& Dudgeon, 2011). Further, freshwater systems provide invaluable services to 
human societies, including the supply of (drinking) water, food resources, energy, 
and means of transportation. The numerous services they provide make these 
systems especially prone to human exploitation. Furthermore, human activities in 
the surrounding catchment also affect those ecosystems, because of their low-
lying position in the landscape (Allan, 2004; Bedoya et al., 2009). For example, 
increased impervious cover (urbanization) in the catchment results in increased 
surface run-off and decreased infiltration, which in turns affects stream base flow, 
hydrology and water chemistry (Violin et al., 2011). Thus, freshwater biological 
communities are affected by both upstream conditions and processes in the 
surrounding catchment area, which in turn influence a variety of instream factors 
related to hydrology, hydromorphology and water chemistry (Fig. 1.1; Dudgeon 
et al., 2006). Because they are impacted by this multitude of stressors, multi-stress 
impact research in freshwater environments is highly relevant (Comte et al., 
2010).  
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Schematic representation of the main environmental factors expected to affect 
stream biota that are considered in this thesis. 
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The need to preserve or restore the quality of freshwater systems has led to 
the development of numerous local, national or intergovernmental legislations 
aiming at preserving and, if needed,  restoring the quality of freshwater systems. 
For example, the goal of the Federal Water Pollution Control Act (FWPCA, the 
‘Clean Water Act’) supervised by the Office of Water from the US Environmental 
Protection Agency is to ensure the safety of drinking water and the quality of 
aquatic ecosystems (Federal Water Pollution Control Act, 1948 and 
modifications thereafter). In Europe, the Water Framework Directive (WFD), 
issued in 2000, provides a coordinated framework for river basin management 
and goals to be reached in terms of both chemical and ecological status (WFD, 
2000). Finally, the United Nations International Decade of Action ‘Water for 
Life’, ending in 2015, further testifies of the importance of freshwater 
management problematics worldwide (Salman, 2015). Those programs triggered 
the setup of numerous large-scale monitoring plans and studies which provide an 
increasing amount of often publicly available data on both physico-chemical and 
biological characteristics of freshwater ecosystems (e.g. from the U.S. Geological 
Survey; Mast, 2013). Those databases often contain extensive information on 
biological assemblages, including not only species monitoring data but also 
ecological quality indices. Fish and macroinvertebrates are commonly used in 
biomonitoring programs aiming at quantifying the ecological quality of water 
systems (Bonada et al., 2006; Matono et al., 2012). 
Large-scale biomonitoring datasets provide unique opportunities to study 
biota-environment relationships, as these databases contain information on the 
composition and structure of biological assemblages along large-scale 
environmental gradients. Statistical techniques to analyse such data must, 
however, fulfil a number of requirements. First, the technique must be capable of 
handling large amounts of data in reasonable amounts of time. Second, it has to 
overcome the typically complex nature of ecological data, including potentially 
high amounts of noise, missing data, correlated- and non-normally distributed 
variables, and non-linear relationships, while keeping information loss to a 
minimum and maintaining sufficient predictive power (Olden et al., 2008). Third, 
in order to provide meaningful input to managers and policy makers, the 
statistical models must be able to disentangle the individual influences of multiple 
environmental factors (de Zwart et al., 2006; Kapo et al., 2008). Finally, the 
models have to be flexible enough to accommodate potential interactive effects 
between environmental factors (De’ath, 2007; Elith et al., 2008). While 
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interaction between environmental factors have been shown to affect biological 
responses, they are still rarely taken into account in ecological studies (Leathwick 
et al., 2006; Guisan et al., 2006). The current development of artificial 
intelligence and increase in computing power have facilitated the emergence of 
novel machine learning techniques able to appropriately handle and extract 
information from complex ecological field monitoring data. 
1.2 Problem setting  
There are a number of challenges related to the selection of biological 
endpoints for modelling biota-environment relationships which are further 
discussed below. 
The responses of biotic assemblages to their environment can be studied 
based on different endpoints, each conveying information about specific 
characteristics of the assemblage. Aggregated indices can be used, which 
summarize biotic assemblages based on a few key characteristics or as an 
integrity or quality score based on comparison to reference assemblages observed 
in undisturbed sites. For more detail, species can be studied either separately or 
grouped together at different levels of taxonomic resolution, such as genera, 
orders, or phyla. Alternatively, functional response variables can be defined 
based on species traits, which are specific, measurable characteristics such as 
body size, life span or feeding guild that influence an organism’s functioning 
within its environment (McGill et al., 2006; Violle et al., 2007).  
Multi-species indices range from single metrics, such as the overall species 
richness, to complex multimetric indices. Among those, indices of biotic integrity 
are widely used by policy makers and nature managers (Emery et al., 2003). 
These indices represent a study site’s degree of impairment, expressed as the 
distance from reference (undisturbed) conditions, by attributing a score to the 
difference between the biological assemblages observed at the two sites. 
Typically, those indices are composed of several metrics, each of which based on 
the richness or abundance of a specific ‘key’ taxonomic or functional group 
(Emery et al., 2003; Klemm et al., 2002; Park et al., 2003). Thus, while the 
conclusions based on aggregated indices are easy to interpret and communicate, 
they do not provide a complete picture of biological assemblages. Further, 
integrity indices derived for different taxonomic groups (fish and invertebrates) 
may lead to different conclusions, as the groups may show different 
environmental responses. It is not yet known when integrity scores for one group 
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can be used as adequate surrogate for the other, which would save monitoring 
time and resources for environmental managers (Grenouillet et al., 2008; Dolph 
et al., 2011). 
By investigating the response of each single species to the environment, one 
can obtain a complete picture of the entire assemblage’s response. However, this 
approach is potentially time- and resource-consuming, and the results can be 
difficult to interpret and communicate if the whole assemblage is to be covered, 
especially for speciose taxonomic groups or groups that are difficult to identify 
to species level. An alternative is to focus on higher taxonomic levels, such as 
genera or families, to reduce both the costs of identification and the number of 
response variables (Caruso & Migliorini, 2006). Closely related species are 
expected to have similar ecological characteristics hence show similar responses 
to the environment (Weiher & Keddy, 1995). However, the literature is doubtful 
as to whether higher taxonomic levels can indeed be successfully used as 
surrogates for species, especially when the aim is to obtain mechanistic 
understanding of biota-environment relationships (Hewlett, 2000; Marshall, 
2006; Schipper et al., 2010). 
Trait-based approaches study biotic responses to the environment based on 
species’ traits (McGill et al., 2006; Statzner & Beche, 2010). Functional traits 
define how a species responds to environmental factors and interacts with other 
species, thus influencing its fundamental and realized niche (McGill et al., 2006). 
Trait-based approaches are increasingly advocated because they are expected to 
provide increased, mechanistic understanding and generality of biota-
environment relationships, compared to taxonomic approaches (Southwood, 
1977; Keddy, 1992b; Poff et al., 2006; Culp et al., 2011; Pollard & Yuan, 2010; 
Verberk et al., 2013). However, as traits are interrelated within species, it is 
important to define how much those interrelationships influence the relationships 
observed between single traits and environmental conditions (Statzner et al., 
2004). Furthermore, the extent to which currently available trait information is 
sufficiently detailed and complete to provide mechanistic understanding of biota-
environment relationships at species or genus level remains to be defined 
(Dorazio & Connor, 2014).  
Summarizing, biota-environment relationships can be studied based on a 
multitude of possible endpoints, which may or may not show the same 
environmental responses. Clearly, a better understanding is needed of how these 
different endpoints compare to each other. A systematic evaluation and 
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comparison of the environmental responses of the different endpoints will help 
not only to obtain a more inclusive picture of the overall biotic response, but also 
to provide directions for monitoring and management.  
1.3 Objective and outline 
The central aim of this thesis is to quantify and compare the environmental 
responses of different endpoints describing stream fish and macroinvertebrate 
communities. Boosted Regression Trees (BRTs) were used to relate stream fish 
and invertebrate biological endpoints to multiple environmental factors. 
Advantages of BRTs include the ability to disentangle and quantify the relative 
importance of each environmental factor (predictor) for a biotic endpoint, to 
handle any shape of predictor-response relationship, to provide clear visualization 
of single-predictor responses and to automatically account for predictor 
interactions (Elith et al., 2008). The database used to construct the models covers 
609 stream sites located across the state of Ohio (USA), and contains information 
on both environmental conditions and biological communities of fish and 
macroinvertebrates. 
In each of the four data chapters, the environmental responses of one or 
several specific endpoints are quantified. The chapters can be arranged according 
to level of detail and whether endpoints are taxonomic or functional in nature, 
with aggregated multimetric indices employing both functional and taxonomic 
aspects (Fig. 1.2). Each chapter covers a specific research question or sub-
question related to the overall aim. Chapter 2 compares the environmental 
responses of fish and macroinvertebrates based on multimetric indices of 
ecological integrity, to determine whether integrity indices based on those groups 
can be used as surrogates for each other. In chapter 3, the environmental 
responses of the multimetric Invertebrate Community Index (ICI) and its 
component metrics are compared, and the importance of interactive effects 
between environmental factors is investigated. In chapter 4, the environmental 
responses of invertebrates are compared between taxonomic groups, single traits, 
and trait-based groups, in order to better understand the importance of trait 
interrelationships in analyzing biota-environment relationships. Chapter 5 
focuses on environmental responses of single species and quantifies the extent to 
which similarity in species trait profiles correlates with similarity in the species’ 
responses to multiple environmental factors. Finally, the findings of the previous 
chapters are integrated and discussed in Chapter 6, where the different endpoints 
Chapter 1 
16 
 
are compared and evaluated according to a set of criteria covering endpoint 
performance, data requirements, relevance for stakeholders, scientific quality and 
relevance for biodiversity conservation. 
Figure 1.2 Overview of the different endpoints used in the thesis chapters. Multimetric 
indices and their component metrics typically include both taxonomic and functional 
metrics. 
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Abstract 
Multimetric indices of biotic integrity provide a quantitative measure of 
biological quality and have been developed for several taxonomic groups. 
Community integrity for fish is typically represented by the multimetric Index of 
Biotic Integrity (IBI), while for macroinvertebrates the Invertebrate Community 
Index (ICI) can be applied. Given the considerable sampling efforts required for 
biomonitoring, it is important to know the extent to which indices based on 
particular taxonomic groups respond differently to (anthropogenic) stressors in 
the environment. The three goals of our study were (1) to assess the concordance 
of freshwater fish and macroinvertebrate communities, (2) to derive stressor–
response relationships for IBI and ICI pertaining to multiple environmental 
factors and (3) to compare the responses of IBI and ICI to these environmental 
factors in the state of Ohio (USA). We used a database containing abiotic as well 
as biotic information for 545 local catchments located across Ohio (USA). Our 
22 environmental factors covered physiography, water chemistry, physical 
habitat quality and toxic pressure. Concordance between the fish and invertebrate 
communities was assessed using a Mantel test. Response patterns of IBI and ICI 
to each of the environmental factors were analyzed by constructing stressor–
response curves with Boosted Regression Trees (BRT). Fish community integrity 
was primarily related to physical characteristics of the stream (channel- and riffle 
quality) and latitude, whereas invertebrate community integrity mainly responded 
to the phosphorus concentration. Response curves showed that the two indices 
responded similarly to most of the water chemistry variables, while responses 
differed for physiographical and physical habitat quality variables. 
Keywords: Biotic integrity, stressor-response relationships, Boosted Regression 
Trees, community concordance, lotic ecosystems, multimetric indices, Ohio 
2.1 Introduction 
In biomonitoring, the environmental quality of a given site is judged from its 
species assemblages, based on knowledge of environment–biota relationships. In 
this context, multimetric indices of biotic integrity are widely used to evaluate 
the biological and thus environmental quality of a site. Integrity indices use 
multiple characteristics of biotic communities (e.g., the richness and or 
abundance of specific taxonomic or functional groups) and measure their 
deviation from values observed in reference sites (Joy & De’ath, 2004; Weigel et 
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al., 2006; Whittier et al., 2007). Reference sites are usually defined as the least 
disturbed sites in a given ecoregion, and serve as the basis for evaluating the 
degree of anthropogenic disturbance of sites belonging to the same ecoregion. 
Various biotic integrity indices exist, based on different taxonomic groups, such 
as fish, invertebrates, birds, terrestrial arthropods and wetland plant communities, 
and adapted to specific geographic areas (Bryce et al., 2002; DeKeyser et al., 
2003; Karr & Kimberling, 2003; Klemm et al., 2003; Joy & De’ath, 2004). Given 
the considerable investments in time and money required to conduct detailed field 
ecological assessments, an important question is whether the biotic integrity of 
particular taxonomic groups can be used to predict that of other groups, 
particularly in response to (anthropogenic) stressors in the environment (Heino, 
2010). 
Predicting the composition and integrity of one group according to another's 
requires strong community concordance, defined as the degree of similarity in 
assemblage structure patterns among taxonomic groups (Paavola et al., 2006). 
Recently, several studies have investigated community concordance among 
different taxonomic groups used in ecological assessments, but they obtained 
contradicting results. For example, freshwater fish and invertebrate communities 
appeared concordant in some studies and not in others (Paavola et al., 2006; 
Infante et al., 2009; Dolph et al., 2011; Rooney & Bayley, 2012). Community 
concordance values were influenced by the study's spatial scale (Paavola et al., 
2006) and by the biological traits of the organisms of concern (Grenouillet et al., 
2008). Studies addressing the underlying causes of community concordance 
found that similarities in assemblage structure patterns may originate from similar 
responses to environmental gradients (e.g. Neff & Jackson, 2013), but also from 
biotic interactions (e.g. Grenouillet et al., 2008; Larsen et al., 2012). Most studies 
conclude that the concordance between fish and invertebrates is not sufficient to 
use those two taxa as surrogates for each other, even in case of strong 
concordance, because the two groups are not driven by the same environmental 
factors (Grenouillet et al., 2008; Infante et al., 2009; Dolph et al., 2011; Padial et 
al., 2012). However, studies addressing differences in environmental drivers 
between fish and invertebrates typically quantify these in terms of the overall 
correlation between the response and a particular environmental driver (e.g. 
Bedoya et al., 2011a; Infante et al., 2009; Neff & Jackson, 2013). Thus, these 
studies do not provide detailed information on changes in the responses along the 
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environmental gradients. Such information is especially relevant as it would 
allow to identify where on the environmental gradient management measures 
would be the most effective. 
The three goals of our study were (1) to assess the concordance of freshwater 
fish and macroinvertebrate communities, (2) to derive stressor–response 
relationships for fish and invertebrate community integrity pertaining to multiple 
environmental factors and (3) to compare the environmental responses of fish and 
invertebrate community integrity in the state of Ohio (USA). Using a database 
containing biotic and abiotic information for 545 local catchments across the state 
of Ohio (USA), we first quantified the concordance between fish and invertebrate 
communities using Bray–Curtis dissimilarity matrices and a Mantel test. Then, 
we assessed changes in the integrity of the two communities along the gradients 
of 22 environmental factors belonging to four categories (physiography, physical 
stream habitat quality, water chemistry and mixture toxic pressure). Community 
integrity was represented by the multimetric Index of Biotic Integrity (IBI) and 
the Invertebrate Community Index (ICI) for the fish and the invertebrates, 
respectively. Responses of IBI and ICI to environmental factors were analyzed 
with Boosted Regression Trees (BRT). We determined the magnitude of the 
effect of each environmental predictor on the two indices, and extracted response 
curves for each environmental factor to visualize potential differences in 
environmental responses between IBI and ICI. 
2.2 Methods 
The dataset used in our study is part of a database developed by a consortium 
of companies and institutes including The Procter & Gamble Co., the Dutch 
Institute for Public Health and the Environment (RIVM) and Waterborne 
Environmental, Inc. Biotic data were available from 545 biomonitoring sites of 
the Ohio EPA located across the state of Ohio (Fig. 2.1). Each biomonitoring site 
was sampled once during the period 2000–2008. Local catchments were 
delineated based on the National Hydrography Dataset Plus (NHD Plus, USEPA 
and USGS, 2005), such that there was one Ohio EPA biomonitoring site within 
each catchment. Abiotic variables were measured within each local catchment 
during the same year as biotic data. Below, we provide a brief description of the 
biotic and abiotic variables included in our study. More details on the data 
collection and processing are given in Appendix S2.1. 
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Figure 2.1 Location of the sampled sites (n = 545) across the state of Ohio (USA). 
2.2.1 Biotic indices 
Fish were sampled by either boat-mounted or wading electrofishing methods 
(Sportyak generator or long-line generator). The invertebrates were collected 
with Hester-Dendy artificial substrates and D-net kicks (Ohio EPA, 1989). Fish 
were all identified at species level, while invertebrates were identified at species 
level whenever possible, else at genus or family level. Presence–absence data 
were available for 736 invertebrate taxa and 129 fish taxa. In addition, the 
database contained two multimetric indices representing the integrity of the fish 
and invertebrate communities. The Index of Biotic Integrity (IBI) measures the 
biological integrity of the fish community by quantifying the deviation from 
communities observed in minimally disturbed reference sites. It is composed of 
12 submetrics describing structural (e.g., species richness or proportion of 
individuals from given taxonomic groups) and functional (e.g., pollution-tolerant 
taxa, trophic groups) aspects of the fish community. The raw values of the 
submetrics, as obtained from field data, are assigned scores according to the 
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degree of deviation from the values expected at a reference site, located in a 
stream of similar size in a similar ecoregion. The reference sites for each of the 
five ecoregions of Ohio were defined by expert judgment as sites with minimum 
human influence (Ohio EPA, 1987). Each metric can take a value of 1, 3 or 5; the 
higher the deviation from reference conditions, the lower the score. The overall 
IBI score is obtained by summing all submetric scores and ranges from 12 
(integrity highly deviating from reference conditions) to 60 (integrity similar to 
reference conditions). The Invertebrate Community Index (ICI) is quantified 
according to a similar procedure. It includes 10 submetrics which can take values 
of 0, 2, 4 or 6. Hence, the overall index ranges from 0 to 60 (Ohio EPA, 1987). 
For reasons of comparability, we rescaled both indices to a 0–100 range. 
2.2.2 Environmental predictors 
The 22 environmental predictors we included belong to four categories: 
physiography, physical habitat quality, water chemistry and toxic pressure (Table 
2.1, Appendix 2.2). Watershed area was used as a surrogate for discharge volume, 
altitude accounted for climatic parameters and slope for flow velocity. We 
included latitude and longitude to account for spatial autocorrelation, large-scale 
biogeographical patterns and unmeasured but potentially relevant environmental 
variables. Examples include precipitation or anthropogenic factors like 
impervious cover of the soil, which influences the hydrological regime. The 
stream physical habitat quality was expressed by the seven submetrics of the 
Qualitative Habitat Evaluation Index (QHEI; Ohio EPA, 2006) (Table 2.1). The 
QHEI is a multimetric index evaluating the physical macrohabitat quality in 
running waters. Its submetrics are related to particular characteristics of the 
stream habitat, such as substrate quality or channel morphology. Based on expert 
judgment, scores are assigned to each submetric, which are then summed to arrive 
at an overall score ranging from 0 (poorest quality) to 100 (maximum quality). 
Nine water chemistry predictors were included: pH, oxygen demand (biological 
and chemical), nutrient concentrations (total nitrogen and total phosphorus), total 
dissolved and total suspended solids, conductance and hardness (Table 2.1). 
Toxic pressure was expressed as the multi-substance Potentially Affected 
Fraction of species (msPAF) due to the combined impacts of several groups of 
toxicants: industrial products, household products, synthetic estrogens and 
pharmaceuticals.  
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Table 2.1 Description of the environmental predictors and response variables, with their 
mean and range across the 545 sampled sites. 
 Unit Mean Min 1
st 
quartile 
Median 3
rd 
quartile 
Max 
Environmental factors 
     Physiography 
Watershed area upstream of 
the sampled point 
km2 263.4 1.0 28.0 67.5 213.0 7995.0 
Latitude degree 40.2 38.7 39.6 40.1 40.9 41.8 
Longitude degree −82.8 −84.8 −83.7 −82.9 −81.9 −80.7 
Altitude m 248.2 138.9 212.0 243.0 286.0 370.5 
Average slope of the 
catchment 
% 5.5 0.5 2.5 3.9 6.7 31.6 
     Physical habitat quality (metrics of the Ohio-specific qualitative habitat evaluation index) 
Channel – 13.9 4.0 12.0 14.5 16.5 20.0 
Cover – 13.5 1.0 12.0 14.0 16.0 21.0 
Gradient metric – 8.0 2.0 6.0 8.0 10.0 10.0 
Pool – 9.0 2.0 7.6 9.3 11.0 12.0 
Riffle – 3.8 −1.0 2.0 4.0 6.0 8.0 
Riparian – 6.1 1.0 5.0 6.0 7.0 10.0 
Substrate – 13.9 −1.5 12.0 14.5 16.5 21.5 
     Water chemistry 
Biological oxygen demand 
on five days 
mg/L 2.5 1.0 1.0 1.0 3.3 21.0 
Chemical oxygen demand mg/L 27.1 5.0 16.0 22.0 30.0 258.0 
Specific conductance μS/cm 815.1 122.0 599.0 734.0 909.0 5060.0 
Hardness (total CaCO3 
concentration) 
mg/L 324.1 51.0 243.0 318.0 373.0 1700.0 
Total nitrogen concentration mg/L 1.0 0.1 0.5 0.7 1.0 33.5 
Total phosphorus 
concentration 
mg/L 3.5 0.0 0.1 0.2 0.4 128.0 
pH SU 7.9 3.2 7.7 7.9 8.1 9.7 
Total dissolved solids mg/L 515.0 86.0 362.0 452.0 582.0 3910.0 
Total suspended solids mg/L 63.1 2.5 12.0 27.0 63.0 1590.0 
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Table 2.1 (Continued) 
 Unit Mean Min 1
st 
quartile 
Median 3
rd 
quartile 
Max 
Environmental factors 
     Toxic pressure 
 Multi-substances potentially 
affected fraction of species 
– 0.1 0.0 0.0 0.0 0.1 0.9 
Biological endpoints        
Ohio-specific index of 
biological integrity for fish 
communities 
– 43.1 12.0 37.0 45.0 50.4 58.0 
Ohio-specific index of 
biological integrity for 
macroinvertebrate 
communities 
– 42.0 0.0 37.3 44.0 50.0 60.0 
 
The msPAF was calculated based on environmental concentrations of the 
substances combined with bioavailability assessments, ecotoxicity data and 
mixture toxicity models (Posthuma et al., 2002; De Zwart et al., 2006; Posthuma 
& De Zwart, 2006). More details about the msPAF calculations are provided in 
Appendix S2.1. 
2.2.3 Statistical analyses 
We assessed the concordance of the freshwater fish and invertebrate 
communities with a Mantel (1967) test applied to dissimilarity matrices derived 
from the presence–absence data. We used the Bray–Curtis distance as a measure 
of dissimilarity among sites and Pearson's correlation coefficient as a measure of 
community concordance (Grenouillet et al., 2008). We used a Monte-Carlo 
permutation test with 5000 repetitions to assess the significance of the Mantel test 
results. In addition, we calculated the association between ICI and IBI with 
Pearson's correlation coefficient.  
To investigate the responses of IBI and ICI to the environmental predictors, 
we applied Boosted Regression Trees (BRT). BRT are an improvement of 
classification and regression trees (De’ath & Fabricius, 2000). The principle of 
BRT is described by Friedman (2001), Friedman and Meulman (2003) and Elith 
et al. (2008). BRT constitute a relatively new machine-learning technique able to 
Comparing responses of fish and invertebrate community integrity 
 
27 
 
model a large variety of ecological responses (Knudby et al., 2010; Williams & 
Poff, 2006; Snelder et al., 2012). Their advantages include the stability of the 
model in case of outliers, and automatic fitting of predictors’ interactions (Elith 
et al., 2008). They provide an efficient approach to investigate biota-environment 
relationships in ecological databases (Cappo et al., 2005; Hopkins & Whiles, 
2011; Leclere et al., 2011; Waite et al., 2012). BRT determine the optimal 
prediction of a response variable given a set of predictors, and the relative 
importance of each predictor in predicting the response.In addition, BRT provide 
information on the marginal effect of each predictor, as they generate matrices 
containing predictor values across the gradient and the associated response values 
given averaged influences of all other predictors. This information can be used to 
derive predictor–response curves that illustrate the direction (positive or 
negative) and shape (linear, unimodal, multimodal, presence of thresholds) of the 
relationship between a response and a particular predictor. 
Parameterization of the BRT models requires to set values for different 
parameters. The BRT algorithm will automatically stop adding trees when the 
predictive power of the overall model no longer improves. The learning rate (λ) 
controls the gain in predictive power to achieve at each step so that addition of 
trees is allowed to go on. The smaller the learning rate, the lower the threshold, 
and the higher the final number of trees. The tree complexity represents the 
maximum number of splits in each individual tree, which corresponds to the 
maximum order of predictor interactions that can be fitted by the model, provided 
the data support the fitting of such interactions. Finally, the bag-fraction 
represents the fraction of the dataset to be randomly drawn and used for model 
training at each step. For more details on BRT functioning and parameterization, 
see Elith et al. (2008). For each BRT model, we selected optimal parameter values 
by systematically varying (i) the learning rate, taking the values 0.001, 0.005, 
0.01 and 0.05, (ii) the tree complexity, taking the values 1–7, and (iii) the bag-
fraction, taking the values of 0.55, 0.65 and 0.75. For each of the two indices, we 
thus built 4 x 7 x 3 = 84 models, representing all possible combinations of 4 
different learning rates, 7 different tree complexity values, and 3 different bag-
fractions. The maximum number of trees per individual model was set at 50,000, 
and this number was never reached. We eliminated a posteriori the models based 
on fewer than 1000 trees, following the rule of thumb suggested by Elith et al. 
(2008). In order to prevent overfitting, each of the 84 models per index was built 
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following a ten-fold cross-validation procedure. According to this procedure, 10 
BRT models are built in parallel using 10 random subsets of the data, each 
comprising 9/10th of the dataset. The predictive performance of each of these 
models is tested on the remaining 1/10th of the dataset (i.e., the validation data), 
whereby the 10 validation datasets are mutually exclusive (i.e., each observation 
is used for testing only once). The predictive power is assessed after each addition 
of trees and addition of trees stops when the predictive power no longer improves. 
The final BRT model is obtained by averaging the predictive power and 
predictions of the 10 models. 
The predictive power of the BRT models, assessed as the total percentage of 
deviation explained, was given by the predictive squared correlation coefficient 
Q2 (Eq. 2.1) of the regression of predicted values against observed ones (Legates 
& McCabe, 1999), averaged across the cross-validation models. For each index, 
we selected the ‘best’ model as the model with the highest predictive power 
among the 84 different combinations of parameters (Friedman, 2001; Elith et al., 
2008). 
𝑄² = 1 −
∑  (𝑦𝑝𝑟𝑒𝑑,𝑖 −  𝑦𝑖)
2N
𝑖=1
∑  (𝑦𝑖 − 𝑦𝑚𝑒𝑎𝑛)2
N
𝑖=1
               (Equation 2.1) 
where N represents the number of data points, ypred,i the predicted value for point i of the 
validation set, yi the observed value for point i, and ymean the mean of observed values in 
the validation set. 
The relative importance of a predictor for a particular response variable was 
calculated by summing the deviation explained by each split the predictor was 
involved in, relative to the total deviation explained by the model, averaged 
across cross-validation sets. Partial dependency plots illustrating single 
predictor–response relationships were constructed based on the best model per 
index. For each predictor–response curve, the response values were transformed 
by subtracting the minimum from every value, so that the lowest point of the y-
axis is 0. 
For all analyses we used the freely available statistical software R version 
2.14.0 (R Development Core Team, 2008). Community concordance was tested 
using functions from the vegan package (Oksanen et al., 2013). BRT required the 
gbm package and additional BRT functions (Elith et al., 2008). 
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2.3 Results 
The Mantel test yielded a value of rM = 0.53 (p-value < 0.001) for the state-
wide community concordance. The Pearson correlation between the two integrity 
indices, IBI and ICI, was r = 0.49 (p-value < 0.001). The IBI was on average 
higher than the ICI, with respective average scores of 59.3 and 51.7. The BRT 
models had a higher predictive power for the IBI (Q2 = 0.51) than for the ICI 
(Q2 = 0.34, Table 2.2). The relative importance of the predictors differed between 
the fish and the invertebrates. Fish community integrity was mainly correlated to 
riffle quality, channel quality and latitude, while invertebrate community 
integrity was primarily correlated to phosphorus, pH and substrate quality (Table 
2.2). According to the response curves, fish and invertebrate community integrity 
responded similarly to the majority of the water chemistry parameters, with most 
curves having the same shape despite differences in amplitude (Fig. 2.2). Yet, ICI 
was negatively correlated with BOD5, while IBI showed no response. The two 
groups responded differently to physiographical variables, with curves showing 
different amplitudes (e.g., watershed area), different maxima (e.g., altitude) or 
different trends (e.g., latitude, slope). Differences were also observed in the 
responses to habitat quality metrics (Fig. 2.2). The IBI was positively correlated 
to channel, pool and riffle scores, whereas ICI was less or not correlated to these 
metrics. Finally, ICI showed a stronger response to both riparian and substrate 
scores than IBI. 
2.4 Discussion 
2.4.1 Community concordance and index correlation 
In our study, we observed a significant concordance between fish and 
invertebrate communities across the state of Ohio. Some authors suggest however 
to focus on the value of concordance rather than on the significance (e.g. Heino, 
2010), because the permutation test used to assess the significance of the Mantel 
test results is increasingly likely to indicate significant concordance with an 
increasing number of samples. Our concordance value was slightly higher than 
what Heino (2010) defined as low (rM < 0.5), and well below the threshold of 
rM > 0.7 that was suggested for strong concordance. It was nevertheless higher 
than the values of concordance observed in several former studies (e.g. 
Grenouillet et al., 2008; Infante et al., 2009; Larsen et al., 2012; Padial et al.,  
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Table 2.2 Results of the Boosted Regression Trees Models. The contribution of each 
environmental predictor is expressed as the contribution to the overall predictive power 
of the best BRT model for the biotic endpoint of concern. Contributions of at least 5% 
and corresponding predictors are depicted in bold. Partial dependency plots for all 
predictors are shown in Fig. 2. 
 Biotic endpoints 
 
 IBI ICI 
     Physiography 
Watershed area (km2) 1.1 1.7 
Latitude (degree) 5.9 2.1 
Longitude (degree) 2.6 0.9 
Altitude (m) 1.9 0.8 
Slope 1.5 1.4 
     Physical habitat quality 
Channel 6.6 1.6 
Cover 1.1 0.7 
Gradient 0.3 0.9 
Pool 2.4 0.7 
Riffle 8.1 1.9 
Riparian 0.3 0.9 
Substrate 1.8 2.4 
     Water chemistry 
BOD5 (mg/L) 0.2 1.8 
COD (mg/L) 0.7 1.2 
Conductance (mS/cm) 3.3 1.1 
Hardness (mg/L CaCO3) 1.3 1.2 
N (mg/L) 1.6 2.0 
P (mg/L) 5.4 4.9 
pH (SU) 2.1 2.6 
Total dissolved solids (mg/L) 1.6 1.2 
Total suspended solids (mg/L) 0.4 1.2 
     Toxic pressure 
MsPAF (%) 0.7 0.7 
Total predictive power of the model (%) 50.7 33.9 
Standard deviation across cross-validation sets (%) 8.3 8.6 
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Figure 2.2 Partial dependency plots illustrating the response of the IBI (black) and ICI (dotted gray) 
to each single environmental predictor. x-axis: gradient of the predictor across the sampled sites. y-
axis: variation in the IBI and ICI in relation to the predictor of concern given averaged influences 
of the other predictors.  
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2012). Several factors, however, make it difficult to compare our results with 
former studies. For example, concordance values obtained from presence–
absence data are mostly higher than values based on abundance data, as 
variability is highly reduced by the transformation of continuous data into binary 
variables. Our community concordance value is indeed higher than the 
abundance-based concordance values reported in  several studies reviewed by 
Heino (2010). However, Larsen et al. (2012) observed a much lower concordance 
than ours while also using presence–absence data. The differences in the scale of 
the study may also influence the observed concordance values, with larger 
concordance values observed at larger scales (Paavola et al., 2006). Finally, the 
techniques used differ, as some authors first use ordination techniques on the 
stream assemblage data before assessing community concordance (e.g. Dolph et 
al., 2011; Neff and Jackson, 2013). Our medium concordance value was in line 
with a medium correlation between IBI and ICI. 
2.4.2 Response patterns of fish and invertebrates to environmental factors 
The BRT analyses identified a few main predictors for each index, with 
different rankings for IBI and ICI. Our predictor ranking results are in line with 
previous studies indicating that the main environmental drivers differ for fish and 
invertebrates, and especially that fish are more impacted by physical habitat and 
invertebrates by water chemistry (e.g. Bae et al., 2011; Neff & Jackson, 2013). 
Below we discuss the relative importance of the predictors and the predictor–
response curves for IBI and ICI per predictor group. 
The physical habitat quality components together contributed up to 28% of 
the BRT model's predictive power for the IBI. This is in agreement with the 
results from Manolakos et al. (2007) and Bedoya et al. (2011a) for Ohio. Bedoya 
et al. (2011a) used cluster analysis to link IBI to various environmental factors 
and mentioned physical habitat quality, including riffle and channel scores, 
among the main predictors of the IBI. Furthermore, the higher sensitivity of ICI 
to substrate and riparian quality also matches the findings of Manolakos et al. 
(2007). Life-history traits of organisms may explain the different responses of the 
two groups to physical habitat factors (Grenouillet et al., 2008). Benthic 
macroinvertebrates, which are largely restricted to the stream bed, depend on 
substrate quality, while fish also depend on the characteristics of the water 
column habitats. Only one component metric of the IBI relates to fish with 
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distinct substrate-dependent life-history strategies (i.e. the percentage of simple 
lithophilic species), which may explain the low contribution of substrate quality 
to the IBI model. It was suggested that the lower dispersal abilities of 
invertebrates compared to fish make them more sensitive to local factors, such as 
quality of the microhabitat, which is linked to the substrate and riparian 
submetrics (Poff, 1997). 
In our study, phosphorus concentration appeared as an important predictor 
for both invertebrate and fish community integrity, while nitrogen had a smaller 
predictive power for both indices. This is in contrast with the findings of Bedoya 
et al. (2011), who found a higher contribution of nitrogen to the predictive power 
for IBI and ICI compared to phosphorus. A difference in the technique employed 
might explain this, as the sites clustering used by those authors reduces the 
influence of extreme values, which were not ignored in our case. In our study, the 
responses of IBI and ICI to other water chemistry predictors and to toxic pressure 
were comparable, both in terms of magnitude and in terms of shape of the 
response curves. This goes against the commonly accepted finding that organisms 
with a smaller surface/volume ratio are more exposed and thus more sensitive to 
water chemistry parameters and especially pollutants (Neumann et al., 2005). 
Possibly, the large gradients of the chemical predictors in our study overcome the 
differences in tolerance range between fish and invertebrates, which would 
appear on a more subtle gradient (Schipper et al., 2010). 
The generally low contribution of geographical factors to our models can be 
explained by the index calculation processes. The integrity indices values are 
obtained by comparison with the values obtained in reference sites (i.e., 
minimally disturbed sites) located in a similar ecoregion. The ecoregions in Ohio 
were defined in such a way that they exhibit similar characteristics for several 
terrestrial variables, including land surface form, land use, soil characteristics and 
potential natural vegetation (Ohio EPA, 1987). Thus, the integrity index 
calculation aims to assess the degree of anthropogenic disturbance by eliminating 
most of the natural background variation. The very low contribution of watershed 
area to our models, while fish and invertebrates have been shown to be strongly 
affected by the longitudinal gradient in streams, indicates that national 
background variation is efficiently removed during index value calculation. The 
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high contribution of latitude is likely due to correlation with external factors not 
included in our study, such as land use or impervious cover of the soil. 
2.4.3 Implications for biomonitoring and environmental management 
Our results showed that fish and invertebrate communities in Ohio streams 
are moderately concordant, which was in line with the correlation between the 
biotic indices of integrity derived from those two groups. The results of our BRT 
models explained those findings, at least partly, by showing that the two 
taxonomic groups differ in their sensitivities to specific environmental factors, 
notably physical habitat quality characteristics. The differences emphasize that 
one taxonomic group cannot be directly used as surrogate for another to assess 
the influence of environmental factors on overall biotic integrity. In our case, 
similar responses to water chemistry, however, suggest that it is possible to use 
only one of the two taxonomic groups for biomonitoring if water chemistry is the 
focus. The differences in the predictor ranking between fish and invertebrates 
imply that, depending on the taxa of concern, different priorities can be set 
concerning environmental management measures: improving stream physical 
habitat quality (particularly pool, riffle and channel quality) for fish, and water 
chemistry parameters (particularly phosphorus), along with substrate quality for 
invertebrates. Finally, our stressor–response curves showed that not only the 
amplitude, but also the direction of the effect of a predictor can differ between 
taxonomic groups. 
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Abstract 
Disentangling the influences of multiple environmental factors on ecosystem 
integrity is not straightforward, as environmental factors may interact and biotic 
responses may be non-linear. We aimed to better understand the relationships 
between freshwater invertebrate assemblages and multiple, interacting 
environmental factors. To that end, we analyzed stream monitoring data of 689 
sampling sites in the state of Ohio (USA) using Boosted Regression Trees (BRT). 
We used 16 environmental predictors covering geography, water chemistry, 
physical habitat quality and toxic pressure. Freshwater invertebrate assemblages 
were represented by the Invertebrate Community Index (ICI) and its 10 
component metrics. The ICI was mainly related to physical habitat quality, 
nutrient concentrations (phosphorus and nitrogen), and pH.  Responses of the ICI 
component metrics to physical habitat quality and water chemistry variables were 
similar and associated with amplified importance of these predictors for the ICI, 
while heterogeneous responses of the component metrics to geographical 
variables appeared to cancel each other out at the level of the ICI. Models 
including predictor interactions explained between 22 and 54% of the deviation 
in the biotic endpoints, while the no-interactions models explained 14 to 47%.  
The gain in predictive power was largest between the no- and the pairwise 
interaction models and rapidly decreased for each additional interaction level. We 
conclude that focusing on pairwise interactions provides a good compromise 
between the gain in predictive power and the interpretability of the results.  
Keywords: benthic macroinvertebrates, predictor interactions, Boosted 
Regression Trees, variable aggregation, multimetric index, streams, Ohio. 
3.1 Introduction 
Stream biotic assemblages are shaped by a variety of natural as well as 
anthropogenic factors originating from the landscapes they flow through (Allan, 
2004). The relationships between biotic assemblages and anthropogenic factors 
are used in bioassessments, where the environmental quality of a site is judged 
from the species it supports. Benthic macroinvertebrates have a long history of 
use as bioindicators of stream quality, and several bioassessment indices have 
been derived from the structure and composition of invertebrate assemblages 
(e.g., Barbour et al., 1996; Wallace et al., 1996; Norton et al., 2000; Klemm et 
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al., 2002; Ogbeibu & Oribhabor, 2002). Multimetric indices, such as the 
Invertebrate Community Index (ICI; Ohio EPA, 1987), are typically based on the 
responses of various taxonomic or functional groups to different stressors or 
along a stressor's gradient. The deviation of those metrics from values observed 
in desired conditions (reference sites) is quantified, and the results are aggregated 
into an index expressing overall community integrity (Ohio EPA, 1987; 
Applegate et al., 2007; Weigel & Dimick, 2011; Verdonschot et al., 2012). 
Reducing or avoiding loss of biological integrity requires an understanding 
of the relationships between environmental factors and biotic integrity. This 
information helps to understand environmental impacts, identify major risk 
factors and design appropriate management measures (Rushton et al., 2004; de 
Zwart et al., 2006; Kapo & Burton, 2006; Kapo et al., 2008). Statistical models 
based on field monitoring data are frequently established to better understand the 
impacts of individual environmental factors on biotic assemblages. However, this 
process is not straightforward. As species differ in their sensitivity to particular 
environmental conditions, results may differ among biotic endpoints. 
Furthermore, modeling is challenging due to the large number of environmental 
factors and potential correlations or interactions between these factors (Austin, 
2002; Guisan & Thuiller, 2005; Araujo & Guisan, 2006; Austin, 2007; Elith & 
Leathwick, 2009). Although a few studies showed that interactions between 
environmental factors may have a significant impact on biotic responses, (e.g. 
Leathwick et al., 2006), these interactions are often ignored in models describing 
the relationships between biota and the environment (Guisan et al., 2006).  
Most statistical techniques rely on a priori mathematical assumptions about 
the shape of ecological relationships (e.g., linear, unimodal), implying that biotic 
responses with other shapes could be overlooked or misestimated (Austin, 2007). 
Non-parametric machine learning techniques like Boosted Regression Trees 
(BRT), which do not rely on such assumptions, are increasingly used to model 
complex ecological relationships (e.g. Clapcott et al., 2012). BRT are insensitive 
to outliers and data transformation, and the results are stable despite potential 
correlations among predictors. Furthermore, BRT can fit predictor interactions 
without the need to specify a priori which ones to investigate (Friedman, 2001; 
Friedman & Meulman, 2003; De'ath, 2007; Elith et al., 2008). 
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The goal of our study was to unravel the relationships between the integrity 
of freshwater invertebrate assemblages and multiple interacting environmental 
factors. In particular, we evaluated the extent to which interactions among 
environmental factors explain variation in the integrity of freshwater invertebrate 
assemblages. To that end, we applied BRT modeling to a monitoring database 
containing both abiotic and biotic information from stream sites across Ohio 
(USA). We used 16 environmental factors, covering geography, physical habitat 
quality, water chemistry and toxic pressure. The invertebrate assemblages were 
described by the multimetric Invertebrate Community Index and its 10 
components, comprising the richness or abundance of particular invertebrate 
groups.  
3.2 Methods 
3.2.1 Biotic communities 
Data on macroinvertebrate assemblages and corresponding environmental 
conditions were available for 689 stream sites sampled across Ohio (Figure 3.1). 
All samples were collected between 2000 and 2008 by the Ohio EPA and 
associated teams (see Appendix S2.1). We selected the multimetric Invertebrate 
Community Index (ICI) and its component metrics as biotic endpoints for our 
analysis (Table 3.1). The ICI component metrics consist of 10 structural 
characteristics of the invertebrate community and correspond to either the number 
of taxa within a specific group or the number of individuals of a specific group 
relative to all individuals in the sample. The component metrics are either 
taxonomy based (e.g., number of Ephemeroptera taxa) or representative of 
organisms showing a similar sensitivity to disturbance (e.g., % tolerant 
individuals). Nine of the component metrics are based on invertebrate samples 
collected with modified Hester-Dendy artificial substrates, which are left in 
streams for invertebrate colonization for 6 weeks typically between June and 
September. The richness of Ephemeroptera, Plecoptera and Trichoptera (EPT) 
taxa is measured in samples obtained by kick-sampling all substrates present at 
the site (Ohio EPA, 1989). Specific taxonomic groups are thought to have distinct 
tolerance ranges and, thus, are expected to show characteristic responses to 
particular stressors. For example, Ephemeroptera often disappear first in case of  
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Figure 3.1 Location of the sampled sites across Ohio, USA (n=689). 
 
chemical pollution, whereas Tanytarsini midges tend to be more tolerant (Ohio 
EPA, 1987). Most component metrics are related to taxonomic/functional groups 
that respond negatively to environmental pressure, but 2 tolerant groups respond 
positively (other Diptera and non-insects, and so-called tolerant taxa; Table 3.1). 
To compute the ICI, the raw value (richness, %) of each component metric 
obtained from field data is assigned a score according to the degree of deviation 
from the value expected at a site in a stream of similar size in a similar geographic 
region with minimal human influence (henceforth, reference sites). Each 
component metric can take the values 0, 2, 4 or 6, and the tolerant groups are 
valued reversely, i.e., low raw values are assigned a high score (Ohio EPA, 1987). 
The overall ICI score is obtained by summing all metric scores and ranges from 
0 (extremely degraded) to 60 (reference condition-like integrity). For easier 
comparison of the results and especially of the interaction rankings, we rescaled 
the ICI and its component metrics to range from 0 to 100.  
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3.2.2 Environmental predictors 
We included 16 environmental factors belonging to 4 categories: geography, 
water chemistry, toxic pressure and physical habitat quality (Table 3.2). Three of 
the geographical predictors were used as surrogates for factors that were 
unavailable but potentially relevant. Watershed area is associated with stream 
size and thus the amount and variety of physical habitat as well as for discharge 
volume. Altitude is associated with substrate type and water temperature, and 
average catchment slope was used as a surrogate for current velocity. We 
included latitude and longitude to partially account for spatial autocorrelation and 
large-scale biogeographical patterns. Examples include precipitation or 
anthropogenic factors like impervious cover of the soil, which influences the 
hydrological regime. We evaluated the residual spatial autocorrelation of each 
model as Moran’s I autocorrelation coefficient, based on deviance residuals, 
using the APE package in R (Paradis et al., 2004). The residual spatial 
autocorrelation was close to zero for all endpoints (results not shown). 
The physical habitat quality was expressed by the Qualitative Habitat 
Evaluation Index (QHEI) score. The QHEI is a multimetric index evaluating the 
physical macrohabitat quality in running waters of Ohio, originally developed for 
fish. It is composed of 7 metrics related to particular characteristics of the stream 
habitat: substrate type and quality, type and amount of instream cover, channel 
morphology, riparian zone and bank erosion, pool and glide quality, riffle and run 
quality, and local gradient (elevation drop through the sampled area of the 
stream). Those metrics are evaluated in the field according to a standard 
evaluation sheet, and their scores are summed to arrive at an overall score ranging 
from 0 (poorest quality) to 100 (maximum quality; Ohio EPA, 2006).  
The water chemistry category included 9 predictors: pH, oxygen demand 
(biological and chemical), nutrient concentrations (total nitrogen and 
phosphorus), dissolved and suspended solids, specific conductance and hardness. 
Toxic pressure of mixtures in the samples was expressed as the multi-substance 
Potentially Affected Fraction of species (msPAF) derived for various substance 
groups at the EC50-level: industrial products (heavy metals and ammonia), 
household products, synthetic estrogens and pharmaceuticals.  
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An EC50-based mixture toxic pressure of 25% for a water sample means that 
toxicant concentrations in that water sample are expected to induce effects in 25% 
of the tested species with a magnitude of response of 50% or higher. 
Concentrations of industrial products were measured in field samples. 
Concentrations of other substances were calculated with the GIS RIVER ROUT 
model and data about sales volumes, population density, degradation rates, 
treatment efficiencies and instream dilution on a stretch-by-stretch basis (Dyer & 
Caprara 1997; Wang et al., 2000; Wang et al., 2005). The mixture toxic pressure 
of all compounds together was derived from the site-specific concentrations 
(measured or modeled), bioavailability assessment and mixture modeling, 
according to the procedures described by Posthuma et al. (2002), de Zwart et al. 
(2006), and Posthuma & de Zwart (2006). More details about the toxic pressure 
derivation are provided in Appendix S2.1. 
3.2.3 Boosted Regression Trees 
Regression trees explain the variation in a single response variable by 
repeatedly splitting the data into increasingly homogeneous groups, choosing for 
every split the best predictor and split value to minimize the prediction error 
(De'ath & Fabricius, 2000). Boosted Regression Trees (BRT) use a boosting 
algorithm to combine a large number of simple regression trees, typically several 
hundreds to several thousands (Friedman, 2001; Friedman & Meulman, 2003; 
De'ath, 2007; Elith et al., 2008). A 1st regression tree is built using the set of 
selected predictors and a given response variable. Then a 2nd tree is fitted on the 
residuals between the 1st  model’s fitted values and the observed response, then a 
3rd on the residuals of the previous global model, and so on, each time giving 
more weight to the samples poorly modeled during the former steps (De’ath, 
2007; Elith et al., 2008). Addition of trees typically stops when maximal 
predictive power is reached, i.e. when additional trees no longer improve 
predictive accuracy. Boosted Regression Trees can be used to derive partial 
dependency plots which represent the effect of a single predictor on the response, 
based on the splits the predictor was involved in across the whole series of trees, 
given the averaged effect of the other predictors. Due to their tree structure, BRT 
intrinsically account for predictor interactions, because the selected predictor and 
value for each split of a tree depend on the previous splits. The maximum order 
of interactions (i.e., number of predictors interacting together) that can be fit by 
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the model depends on the user-defined complexity (number of splits) of 
individual trees: with binary (single-split) trees, no interaction is taken into 
account, while models based on 2-split trees can fit pair-wise interactions, and so 
on. The model, however, will only fit interactions if they are supported by the 
data (for more details, see Elith et al., 2008). 
We constructed BRT with the freely available statistical software R version 
2.14.0 (R Development Core Team, 2013) using the gbm package and additional 
BRT functions written by Elith et al. (2008). We varied the tree complexity of 
our models from 1 to 10 to assess the impact of interaction fitting on overall 
prediction performance. For each model, we selected optimal parameter values 
by systematically varying (i) the learning rate, taking the values 0.001, 0.005, 
0.01 and 0.05, and (ii) the bag-fraction, taking the values of 0.55, 0.65 and 0.75. 
For each of our 11 endpoints, we thus built 10 x 4 x 3 = 120 models, representing 
all possible combinations of 10 different tree complexity values, 4 different 
learning rates and 3 different bag-fractions. The maximum number of trees per 
individual model was set at 50,000, and this number was never reached. We 
eliminated a posteriori the models based on fewer than 1,000 trees, following the 
rule of thumb suggested by Elith et al. (2008). In order to prevent overfitting, 
each of the 120 models per endpoint was built following a ten-fold cross-
validation procedure. According to this procedure, 10 BRT models are built in 
parallel using 10 random subsets of the data, each comprising 9/10th of the dataset. 
The predictive performance of each of these models is tested on the remaining 
1/10th of the dataset (i.e., the validation data), whereby the 10 validation datasets 
are mutually exclusive (i.e., each observation is used for testing only once). The 
predictive power is assessed after each addition of trees, and no further trees are 
added when the predictive power no longer improves. The final BRT model is 
obtained by averaging the predictive power and predictions of the 10 models.  
The predictive power of the BRT models, assessed as the total percentage of 
deviation explained, was given by the predictive squared correlation coefficient 
Q² (Equation 3.1) of the regression of predicted values against observed ones 
(Legates & McCabe, 1999), averaged across the cross-validation models.  
𝑄² = 1 −
∑  (𝑦𝑝𝑟𝑒𝑑,𝑖 −  𝑦𝑖)
2N
𝑖=1
∑  (𝑦𝑖 − 𝑦𝑚𝑒𝑎𝑛)2
N
𝑖=1
               (Equation 3.1) 
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where N represents the number of data points, ypred,i the predicted value for point 
i of the validation set, yi the observed value for point i, and ymean the mean of 
observed values in the validation set. 
For each endpoint and each value of tree complexity, we selected the ’best’ 
model as the model with the highest predictive power among the 12 different 
combinations of learning rate and bag-fraction power (Friedman, 2001; Elith et 
al., 2008). The relative importance of a predictor for a particular response variable 
was calculated by summing the deviation explained by each split the predictor 
was involved in, relative to the total deviation explained by the model, averaged 
across cross-validation sets. Partial dependency plots illustrating single predictor-
response relationships were constructed based on the best model per endpoint. 
Interaction strength was quantified using the gbm.interactions function, which 
compares the predictions of the BRT model along the gradients of the two 
predictors with the predictions of a linear model assuming no interactions 
between the two predictors (Elith et al., 2008). Interactive effects in the best 
models are illustrated by plotting biotic endpoint response curves to a given 
predictor for different values of a second predictor found to interact with the first.  
3.3 Results 
The best BRT models explained 35.5% of the deviation in the ICI, and 
between 21.8% (percentage of Tanytarsini) and 54.3% (number of EPT taxa) of 
the deviation in its component metrics (Table 3.3). The predictive power was 
generally larger for response variables pertaining to richness than for those 
describing abundance (percentage of individuals). The best models had a tree 
complexity varying from 5 to 10, meaning that interactions involving at a 
maximum 5 to 10 predictors were fitted. Compared to no-interactions models, the 
gain in predictive power when fitting interactions varied from 3.1 to 10.0% of 
additional deviation explained (Table 3.3). The largest increase in explained 
deviation was observed for pairwise (2nd order) interactions (Figure 3.2). The ICI 
was mainly related to the phosphorus concentration (4.4% of variation 
explained), physical habitat quality (4.2%), and pH (3.3%), followed by nitrogen 
concentration (Table 3.3). The ICI components were mainly related to 
geographical variables (watershed area and longitude) and physical habitat 
quality, followed by latitude, phosphorus concentration and pH. 
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Figure 3.2 Predictive power of the Boosted Regression Tree (BRT) models in relation to 
tree complexity. A tree complexity of 1 corresponds to models without interactions, a tree 
complexity of 2 to models including pairwise interactions, etc. See Table 3.1 for variable 
codes.  
 
The ICI tended to increase with watershed area and physical habitat quality, 
as well as with pH > 7.5 (Figure 3.3). A distinct decrease of ICI was observed 
with increasing nitrogen concentrations. For phosphorus, the ICI showed a steep 
decline from a concentration of 50 mg/L. The response curves for latitude and 
longitude were the most complex and showed variable trends. The response 
curves derived for the ICI component metrics are available in Appendix 3.2. 
Generally, a predictor’s contribution to the ICI was larger when the predictor-
response relationships were similar across all the component metrics (e.g., for 
pH, N, and P). Dissimilar predictor-response relationships across the ICI 
component metrics, as observed for longitude, corresponded with a smaller 
contribution of this predictor to the ICI and a flatter ICI response curve.  
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  Figure 3.3 Partial dependency plots extracted from the best BRT model for the Invertebrate Community 
Index (ICI), illustrating single predictor-response relationships for each of the 16 environmental predictors. 
The deciles of the predictor's distribution are represented by the tick marks at the bottom of the plots.   
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Figure 3.4 Interactions plots for the 4 main pairs of predictors interacting in the best 
model for the Invertebrate Community Index (ICI). The solid and dotted lines show the 
responses of the ICI to a particular predictor for given values of a second predictor. The 
values for the second predictor correspond to the 5th and 95th percentiles of its distribution.  
The deciles of the X-axis predictor's distribution are represented by the tick marks at the 
top of the plot.  
The most important interactions for the ICI involved the 4 main predictors of 
the ICI (QHEI, P, pH and N) as well as latitude, and the interactive effects 
between each pair of predictors are shown in Figure 3.4. For example, the ICI 
showed a stronger decrease in response to a decreasing pH at a high (2 mg/L) 
than a low (0.025 mg/L) phosphorus concentration. The ranking of pairwise 
interactions for the ICI and its component metrics are provided in Appendix S3.3. 
The interaction plots for the ICI component metrics are provided in Appendix 
S3.4. 
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3.4 Discussion 
3.4.1 Environmental influences on invertebrate assemblages 
Using BRT, we investigated the responses of freshwater invertebrate 
assemblage integrity to multiple interacting environmental factors. Our results 
concord with the findings of several other authors. For example, our findings are 
in line with the results obtained by Griffith et al. (2003) using clustering analyses. 
Those authors found decreasing tolerant taxa abundance and increasing species 
richness, EPT richness, and Ephemeroptera and Trichoptera abundances with 
increasing stream physical habitat quality. Using regression tree analyses, Weigel 
& Robertson (2007) proposed ‘breakpoints’ above which assemblages were 
consistently affected by Kjeldahl nitrogen (0.77 mg/L) and total phosphorus 
concentration (0.15 mg/L). However, according to our response curves, nitrogen 
starts affecting invertebrate assemblages even below a concentration of 0.77 
mg/L. We also do not observe a negative effect of phosphorus on the ICI at low 
concentrations. Using General Additive Models (GAMs), Yuan & Norton (2003) 
investigated responses of invertebrate metrics, among which species richness, 
abundance of tolerant taxa and Ephemeroptera richness, to gradients of 
phosphorus, physical habitat quality, specific conductance, and aluminum 
dissolved. The trends of the majority of their response curves are consistent with 
our results.  
3.4.2 Importance of interactions among environmental factors  
The predictive performance of our BRT models consistently increased with 
the order of predictor interactions included. The additional deviation explained 
by up to 10th order interactions ranged to 10.0%, with the largest gain in predictive 
power for main (pairwise) interactions. Using a similar approach, Leathwick et 
al. (2006) obtained an increase  of 12% in the deviation explained when fitting 
up to 5th order interactions, a result similar to ours. This  suggests that fitting 
interactions between predictors in ecological models leads to substantially  
improved predictive power of the models. Moreover, the occurrence of multiple 
interacting, non-additive effects suggests that considering the influence of single 
predictors only may lead to biased interpretation of the impact of environmental 
disturbance on the biota. For example, impacts of P on invertebrate community 
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integrity may go unnoticed at high pH values and become evident only when the 
pH drops (Fig. 3.4).  
It is important to notice, however, that the predictors involved in the most 
important interactions differed among the endpoints (Appendix 3.3). Thus, our 
results do not allow for the identification of a few interacting predictors 
consistently affecting freshwater invertebrate assemblages. Moreover, although 
we found that the predictive power of our models kept on increasing even until 
10th level interactions were fitted, the gain in predictive power was largest 
between the no- and the pairwise interaction models and rapidly decreased for 
each additional interaction level. Interactive effects involving more than three 
predictors are also difficult to interpret and nearly impossible to visualize. 
Additionally, although BRT are able to fit high levels of interactions due to their 
intrinsic tree structure, only pairwise interactions can be investigated in terms of 
relative importance (ranking). We suggest that focusing on pairwise interactions 
provides a good compromise between the gain in predictive power and the ease 
of interpretation. Controlled lab experiments involving multiple environmental 
factors provide an approach to obtain independent data to verify the interactions 
fitted by BRT models. 
3.4.3 Comparison of the responses of the ICI and underlying components 
In general, models of richness-related endpoints had higher predictive power 
than models of abundance-related endpoints (Table 3.3). There are various 
potential explanations for this difference in predictive power. First, factors like 
the amount of food resources, period of the year and biotic interactions such as 
competition and predation may have a stronger influence on the abundance of a 
taxon than on its mere presence or absence. Furthermore, abundance estimates 
are generally less precise than richness estimates. In addition, the abundance 
endpoints included 3 less sensitive or tolerant endpoints (percentage of 
Tanytarsini, of other Diptera, and of tolerant organisms). More tolerant groups 
have a broader ecological niche and are thus able to occur in a broader range of 
environmental conditions. As a consequence, they are likely to show weaker 
responses to environmental variables, thus resulting in less predictive power in 
our models. The low contribution of watershed area to the deviation explained in 
the ICI, as opposed to the large contributions for several components, may be 
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explained either by the opposite responses of EPT and Diptera (see Appendix 
3.2), or by the scoring procedure. In the scoring procedure, the reference 
assemblages differ according to stream size and the score attribution criteria vary 
accordingly. Hence, differences in taxonomic composition from headwaters to 
lowland reaches may be controlled out in the overall ICI score. 
3.4.4 Implications for management practices 
Our results suggest that priority measures for improving the biological 
integrity of freshwater invertebrate assemblages in Ohio should aim at increasing 
the physical habitat quality (QHEI), reducing nutrient concentrations and 
increasing the pH where it is needed. The QHEI was originally developed to 
quantify fish habitat quality, but our results indicate that it is a useful habitat 
quality indicator for invertebrates, too. However, the different habitat 
characteristics included in this index (e.g., quality of the riparian area, quality of 
the stream substrate) may have different influences on the biological endpoints, 
depending for example on the dependence of the taxa of concern on a given 
habitat type. Considering the importance of the QHEI for the biotic integrity of 
freshwater invertebrate assemblages in our models, further investigation could 
focus on identifying the QHEI metrics that are pertinent to invertebrate 
community integrity.  
The ICI is used to determine the amount of impairment caused by human 
activities on a given site. To that end, the component metrics are attributed a score 
by comparing their values to the metric values observed in reference sites, i.e., 
sites located in streams of similar size in similar geographic regions with minimal 
human influence. However, in our results, geographical factors tended to have a 
relatively high predictive power for the ICI and its component metrics (Table 
3.3). Further investigation is required to define whether these correlations are 
induced by external human-induced factors correlated to our geographical 
predictors, or if the ICI component metrics calculation needs to be further 
adjusted for natural gradients.  
Investigation of the predictor-response curves for the ICI as compared to the 
submetrics showed how specific responses can be blurred at a higher level of 
aggregation. Multimetric indices are commonly used to summarize both 
environmental factors (e.g., QHEI score, msPAF) and biological assemblages 
Invertebrate assemblages and interacting environmental factors 
55 
 
(e.g., ICI). They merge several dimensions of the environment or biota into single 
indices, making them easily comparable. However, loss of information is to be 
expected from such aggregation (King & Baker, 2010). While amplification of 
the importance of predictors negatively or positively impacting all submetrics is 
meaningful for overall community integrity assessment, impacts on particular 
endpoints might get obscured in the overall index if other taxonomic groups show 
opposite responses to the environmental factor of concern. A similar phenomenon 
may explain why for example mixture toxic pressure (msPAF) showed limited 
predictive power for any of the endpoints in this study, despite high levels of toxic 
pressure in some reaches (Table 3.1). Possibly, toxic impacts occur mainly at the 
level of individual species, with effects cancelled out at the level of the ICI 
submetrics. Indeed, particular species or genera showed (highly) significant 
associations with msPAF values in De Zwart et al. (2006), and Posthuma & De 
Zwart (2012). 
Our results further showed that a substantial (>5% deviation explained) 
increase in predictive power may be achieved by fitting predictor interactions, 
and that this gain is due to a variety of predictor interactions of potentially high 
orders. This finding suggests that environmental interactions should not be 
neglected in future studies. Yet, as the gain in predictive power was largest when 
including pairwise interactions, we suggest that focusing on pairwise interactions 
provides a good compromise between gaining predictive power and enabling 
interpretation. More knowledge on predictor interactions might prove especially 
useful for management purposes, by providing better insight on the impact of 
disturbance on biota and improving the efficiency of remediation measures. For 
example, taking into account the interaction between P and pH and acting on 
those two factors simultaneously may lead to increased benefits in terms of 
biological integrity.   
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Abstract 
Biological traits of organisms are expected to provide increased mechanistic 
understanding of species-environment relationships. Linking traits to 
environmental conditions is, however, not straightforward, as traits are 
interconnected within species and can affect the adaptive value of each other. The 
aim of our study was to evaluate the importance of these trait interrelationships 
for understanding environmental responses of freshwater macroinvertebrates. To 
this end, we investigated whether environmental responses of macroinvertebrates 
sharing a given trait were consistent or differed according to their taxonomy or to 
their other traits. We divided the macroinvertebrates into groups based on single 
traits (49 single trait modalities), on taxonomy (10 orders) and on their overall 
trait profile (10 trait-profile groups [TPGs], defined using Self-Organizing Maps 
clustering). Abundances of each of these 69 groups were related to 24 
environmental variables using Boosted Regression Tree (BRT) modelling, to 
assess the environmental responses of single traits, orders and TPGs. Cross-
validated predictive power (R²) of the BRT models ranged from < 0.01 to 0.38. 
Environmental responses of macroinvertebrates sharing a given trait were 
inconsistent and varied according to order and/or TPG. Single trait responses 
often reflected the responses of the most abundant taxonomic group expressing 
the trait, suggesting that analysis of trait responses simply revealed patterns in 
habitat use by the most abundant species, and not necessarily mechanistic 
relationships. Further, taxa from the same TPG (hence showing large overlap in 
their traits) but belonging to different orders showed different environmental 
responses. This indicates that the order a taxon belongs to confers unique 
information related to its evolutionary history that was not captured by our 49 
trait modalities. However, groupings by orders cannot replace trait-based 
approaches, since TPGs also revealed differences in trait profiles within some 
orders, which were associated with different environmental responses. Our 
results highlight the importance of considering multiple rather than single traits 
when linking macroinvertebrates to environmental variables, including the 
potential information conveyed by evolutionary history. 
Keywords: macroinvertebrates, functional groups, functional traits, taxonomy, 
streams 
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4.1 Introduction 
Due to their high sensitivity and specific responses to environmental 
stressors, aquatic macroinvertebrates are considered highly suitable for 
biomonitoring and ecological assessment (Effler, 1996; Clarke et al., 2003; 
Bonada et al., 2006). Traditionally, biomonitoring uses the taxonomic 
composition of macroinvertebrate communities in order to detect ecological 
impairment (Culp et al., 2011). In the last decade, however, trait-based rather than 
taxonomy-based approaches to biomonitoring have been increasingly advocated 
(Menezes et al., 2010; Statzner & Beche, 2010). Traits are defined as specific and 
measurable properties of an organism (McGill et al., 2006), related to, for 
example, mobility, reproduction, life-history and use of resources (Pollard et al., 
2010; Tullos et al., 2008; Verberk et al., 2008b). The traits of an organism define 
its relationships to the biotic and abiotic environment. Trait-based assessments 
are expected to offer several advantages over taxonomy-based assessments (Culp 
et al., 2011). Traits may provide a mechanistic understanding of species-
environment relationships, as they reflect the organism’s adaptation to its habitat 
(Verberk et al., 2008a,b; Southwood, 1977; Statzner & Beche, 2010; Culp et al., 
2011; Verberk et al., 2013). Moreover, trait-based approaches may assist in the 
interpretation of biomonitoring data by condensing information on a great 
number of species into a few manageable functional groups based on the 
organisms’ traits (Liess & von der Ohe, 2005; Verberk et al., 2008a,b; Noordwijk 
et al., 2012).  
While the focus has shifted from species to traits, selection does not act on 
isolated traits as independent entities, but on the combinations of traits which 
characterize the species. Hence, the relationship observed between a particular 
trait and a given environmental factor could be due to covariance between traits. 
For example, Statzner et al. (2004) argued that the negative relationship between 
ovoviviparity and altitude was confounded by calcium demand. Ovoviviparity is 
prevalent in crustaceans and molluscs, but these taxa also have a high 
physiological demand for Ca, which was deemed limiting at high altitudes. It is 
also possible that only a combination of traits presents a suitable adaptation. For 
example, flight capability appeared unimportant in the recolonization of restored 
habitat (Van Kleef et al., 2006). This counterintuitive result arose because many 
species with active flight are also carnivorous, and hence recolonization was 
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delayed by scarcity of prey. Furthermore, evolutionary history may place 
constraints on which traits can be combined, resulting in different taxonomic 
groups having alternative suites of traits in similar environments (Resh et al., 
1994; Verberk et al., 2008b). For example, similar types of adaptations involving 
different traits can be envisaged that reduce egg mortality, i.e., endophytic 
oviposition in dragonflies, egg guarding in leeches or ovovivipary in mayflies. 
The adaptive value of a particular trait or trait combination (e.g. ovovivipary) can 
thus vary across organisms according to their other traits, and the constraints set 
by their evolutionary history (Verberk et al., 2013). This may lead to 
misinterpretations of trait-environment relationships and indicate a need to 
analyse and interpret multiple traits together rather than independently (Poff et 
al., 2006; Verberk et al., 2013). 
The aim of the present research was to assess the importance of trait 
interrelationships in understanding the environmental responses of freshwater 
macroinvertebrates. For this purpose, we compared the environmental responses 
of groups of macroinvertebrates based on: (i) single trait modalities, using a total 
of 49 trait modalities (e.g., semivoltine, univoltine or multivoltine) from 17 traits 
(e.g., number of generations per year); (ii) similarity in evolutionary history, by 
grouping taxa according to the 10 orders represented in our data and (iii) overall 
trait profile, using 10 trait profile groups (TPGs). TPGs were defined by using 
Self-Organizing Maps to cluster macroinvertebrates into a fixed number of 
groups based on the similarity in their traits. We used monitoring data of 
freshwater macroinvertebrates and environmental conditions for 609 stream sites 
located across the state of Ohio (USA; Kapo et al., 2014; Pilière et al., 2014a,b). 
We used Boosted Regression Trees (BRT) to link the total abundance of 
macroinvertebrates within each group to 24 environmental variables, and then 
compared environmental responses among the groups. This enabled us to reveal 
the extent to which the environmental responses of macroinvertebrates sharing a 
single trait modality were consistent or changed with order or trait profile group. 
Because of possible trait interrelationships, we hypothesized that environmental 
responses of a given trait modality would differ among orders or trait profile 
groups. Furthermore, as trait profile groups account for trait interrelationships 
and because traits are governing the organisms’ relationships to their 
environment, we expected that the predictive ability of the BRT models would be 
higher for the trait profile groups than for the orders.  
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4.2 Methods 
4.2.1 Monitoring data 
Figure 4.1 Location of the 609 stream sites across Ohio (USA). 
We used a monitoring database containing information on macroinvertebrate 
abundances and environmental conditions comprised of 609 stream sites across 
the state of Ohio (Fig. 4.1). Here, we provide a brief description of the data we 
used; more details regarding data collection and processing can be found in Kapo 
et al. (2014) and in Appendix 2.1. Macroinvertebrate sampling was conducted by 
teams of the Ohio Environmental Protection Agency (Ohio EPA) between the 
years 2000 and 2008. At each site, five Hester-Dendy multiplate artificial 
samplers (each ca 940 cm2) were allowed to colonize for six weeks, typically 
from 15 June to 30 September (details of the standard procedure can be found in 
Ohio EPA, 1989). For our study we selected insect taxa only, to increase trait 
profile comparability (for example, gastropods do not possess certain traits we 
used, such as flying strength). Furthermore, for 25 taxa we could not obtain a 
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complete trait profile and these were excluded (five taxa identified at species 
level, 13 at genus level and seven at family level, totalling 2,791 individuals or 
0.001% of the total number of individuals). This resulted in a selection of 406 
insect taxa from 10 orders. Among the 406 insect taxa, 206 were identified at 
species or species-group level, 153 at genus level and 47 at family level (see 
Appendix S4.1 in the Supporting Information).  
The monitoring database contained information on 148 environmental 
variables, of which we selected 24 variables considered particularly relevant for 
macroinvertebrates. The 24 variables were assigned to four categories: 
physiography, off-stream characteristics, in-stream morphological habitat quality 
and water chemistry (Table 4.1). Measurements of the abiotic variables were 
conducted in the same year as the invertebrate sampling. The physiographical 
variables included altitude and slope. The off-stream characteristics included the 
proportions of various landcover types (% of agricultural, forest, urban and water 
area) in a 100 m riparian zone (buffer area), as land use, especially close to the 
stream, plays an important role in shaping macroinvertebrate communities (Allan 
et al., 1997; Bedoya et al., 2011b). The four landcover variables were derived 
from the 2007 Cropland Data Layer from USDA-NASS for a zone 100m wide on 
each side of the stream upstream of the sampled point (Kapo et al., 2014). Bank 
erodibility has been shown to potentially impact stream biota via increased 
suspended solids and sedimentation (see Simpson et al., 2014), so we included 
the erosion factor (K-factor from the Revised Universal Soil Loss Equation, see 
Renard et al., 1991) of the riparian zone also in the off-stream category.  
Because river morphology influences macroinvertebrate assemblages 
(Diggins & Newman, 2009; Pilière et al., 2014; Petkovska & Urbanic, 2015), we 
included the Qualitative Habitat Evaluation Index (QHEI). The QHEI has been 
developed by the Ohio EPA as an index of perceived stream quality, and takes 
into account morphological stream habitat characteristics relevant to stream 
communities (Rankin, 1989). It comprises seven metrics: substratum type and 
quality, type and amount of instream cover (e.g. overhanging vegetation, 
boulders, macrophytes), channel morphology, riparian zone and bank erosion, 
pool and glide quality, riffle and run quality and local gradient.  Those metrics 
are evaluated in the field according to a standard evaluation sheet, and their scores  
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are summed to arrive at an overall score ranging from 0 (poorest quality) to 100 
(maximum quality; Ohio EPA, 2006). The water chemistry category included 10 
variables: pH, oxygen demand (biological and chemical), nutrient concentrations 
(total nitrogen and phosphorus), dissolved and suspended solids, specific 
conductance, hardness, and toxic pressure of toxicant mixtures. Following De 
Zwart & Posthuma (2005), the mixture toxic pressure was expressed as the multi-
substance Potentially Affected Fraction of species (msPAF) based on the water 
concentrations of multiple toxicants combined with corresponding toxicity data. 
Toxicants covered four substance groups: industrial products (metals and 
ammonia), household product chemicals, synthetic estrogens and 
pharmaceuticals. More details about the toxic pressure derivation can be found in 
Appendix 2.1. 
4.2.2 Trait data 
Trait data were derived from a database containing trait information on 
invertebrate taxa of North America (Poff et al., 2006). Trait information was 
available at either genus or family level and included 20 traits (e.g. life span, 
swimming ability, trophic group) with in a total of 59 categorical trait modalities 
(e.g., trophic group included the modalities collector-filterer, collector-gatherer, 
herbivore, predator, scraper). We combined the trait data with the monitoring data 
using the highest taxonomic resolution possible. If genus-level trait data had to 
be combined with family-level monitoring data, the most common genus-level 
trait modality was assigned to the family, according to Poff et al. (2006). The trait 
information in this database is binary, i.e., for the different modalities of a given 
trait such as respiratory mode, an organism either expresses the modality (score 
of 1) or not (score of 0). Furthermore, in this database, an organism can express 
only one modality of a trait. It should be noted that this is a simplification made 
for statistical convenience, as organisms can sometimes express several 
modalities of a trait. The chosen modality was based on literature and expert 
opinion, as indicated in Poff et al. (2006). The 20 traits were distributed among 
four categories describing the organism’s biology: life-history, mobility, 
morphology and ecology. In order to avoid circular reasoning when linking the 
traits to environmental conditions, we discarded three traits that were defined 
exclusively based on correlations with environmental variables: rheophily, 
thermophily and occurrence in drifts. Thus, our analyses were based on the 17 
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remaining traits, comprising 49 trait modalities (Table 4.2). Details of the trait 
data for the 406 taxa we used are provided in Appendix S4.1 in the Supporting 
Information. 
 
Table 4.2 Description of the traits and trait modalities (after Poff et al., 2006). 
Trait Code Trait modalities 
Life-History   
Voltinism 1 Semivoltine (<1 generation per year) 
 2 Univoltine (1 generation per year) 
 3 Bi- or multivoltine (>1 generation per year) 
Development  1 Fast seasonal 
 2 Slow seasonal 
 3 Non seasonal 
Synchronization of emergence 1 Poorly synchronized (week) 
 2 Well synchronized (day) 
Adult life span  1 Very short (<1 week) 
 2 Short (<1 month) 
 3 Long (>1 month) 
Adult ability to exit the stream 1 Absent (not including emergence) 
 2 Present 
Ability to survive desiccation 1 Able 
 2 Unable 
Mobility   
Female dispersal 1 Low (<1km flight before laying eggs) 
 2 High (>1km flight before laying eggs) 
Adult flying strength 1 Weak (e.g. cannot fly in light breeze) 
 2 Strong 
Maximum crawling rate 1 Very low (<10cm/h) 
 2 Low (<100cm/h) 
 3 High (>100cm/h) 
Swimming ability 1 None 
 2 Weak 
 3 Strong 
Attachment 1 None (free-ranging) 
 2 Some (sessile, sedentary) 
 3 Both 
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Table 4.2 (Continued) 
Morphology   
Armoring 1 None (soft-bodied forms) 
 2 Poor (heavily sclerotized) 
 3 Good (e.g. some cased Trichoptera) 
Respiration 1 Tegument 
 2 Gills 
 3 Plastron, spiracle (aerial) 
Body shape 1 Streamlined (flat, fusiform) 
 2 Not streamlined (cylindrical, round or bluff) 
Size at maturity 1 Small (<9mm) 
 2 Medium (9-16mm) 
 3 Large (>16mm) 
Ecology   
Habit 1 Burrow 
 2 Climb 
 3 Sprawl 
 4 Cling 
 5 Swim 
Trophic habit 1 Collector-gatherer 
 2 Collector-filterer 
 3 Herbivore (scraper, piercer and shredder) 
 4 Predator (piercer and engulfer) 
  5 Shredder (detritivore) 
 
4.2.3 Statistical analyses 
For all statistical analyses, we used the computer program package R (R 
Development Core Team, version 2.14.0). First, trait profile groups (TPGs) were 
defined based on the overall similarities in all trait modalities among the 406 taxa, 
using Self-Organizing Maps (SOMs) with the R package kohonen (Wehrens, 
2013). SOMs constitute a non-parametric clustering technique that places 
observations (in our case, macroinvertebrate taxa) on a 2D grid so that 
observations with similar characteristics (here, similar traits) are closer together 
and dissimilar observations farther apart (Lek & Guegan, 1999; Giraudel & Lek, 
2001; Chon, 2011). SOMs have been increasingly used by freshwater ecologists 
to identify patterns in abiotic variables and/or aquatic communities (see examples 
of use with macroinvertebrates in Céréghino et al., 2001; Zhang, 2007; Bae et al., 
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2014). Based on the 49 trait modalities, we used SOM to map our 406 taxa, 
resulting in a grid where the distance between two taxa represents the distance 
between their overall trait profiles. We used a hexagonal grid consisting of 100 
units, following the rule-of-thumb proposed by Vesanto & Alhoniemi (2000). We 
initialized the algorithm by attributing a value of 0.5 for each trait modality to 
every unit of the initial grid and used 500 iterations to obtain the result. Once this 
map was obtained, we used a k-means algorithm to generate clusters of taxa that 
are closer to each other, in terms of trait profile, than to any other taxa outside the 
cluster (Vesanto & Alhoniemi, 2000). At first, we tried to define an optimal 
number of clusters based on the Davies-Bouldin index, but there was no optimal 
number of clusters supported by our data. Therefore, we a priori constrained the 
output to 10 clusters to have an equal number of TPGs and orders. The TPGs we 
use are conceptually similar to trait ‘syndroms’ or ‘strategies’ used by other 
authors, and close to the Functional Trait Niches (FTNs) used by Poff et al. 
(2006); however, as we chose to define a limited, predefined number of groups, 
our TPGs do not represent all possible trait combinations present in the data, and 
the taxa making up a group do not mandatorily have 100% similarity in their 
traits. The trait profiles per TPG and per order are provided in Appendix S4.2.  
Then, for each of our 609 samples, we aggregated the macroinvertebrate 
abundances in three ways: (i) per trait modality (number of individuals expressing 
a given trait modality, like gill respiration; in total 49 groups); (ii) per taxonomic 
group (number of individuals belonging to a given order; 10 groups 
corresponding to the 10 macroinvertebrates orders represented in the monitoring 
data) and (iii) per trait profile (number of individuals belonging to each of the 10 
TPGs). A log10 transformation (log10(x+1)) was used to downweight the 
influence of highly abundant taxa. 
We used Boosted Regression Trees (BRT) to relate the abundance of each 
macroinvertebrate group to the 24 environmental variables. BRTs are a non-
parametric machine learning technique for predictive modelling free of 
distribution assumptions (Friedman, 2001, 2003; Elith et al., 2008). We 
constructed BRTs with the gbm package and additional BRT functions written by 
Elith et al. (2008). Using the 24 environmental variables as predictors and the 
log-transformed aggregated abundance of organisms as response variables, we 
built one BRT model for each of the 49 trait modalities, each of the 10 TPGs, and 
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each of the 10 orders, resulting in 69 BRT models in total. In agreement with 
previous findings (Pilière et al., 2014b), we used a tree complexity of 2 (fitting of 
pairwise interactions) as a compromise between model complexity and 
interpretability. Using a trial and error procedure, we selected a learning-rate of 
0.001 and made sure that each model would build at least 1000 trees, following a 
guideline proposed by Elith et al. (2008). Following Elith et al. (2008), we used 
a bag-fraction of 0.65. Finally, we set a threshold of 50,000 to the maximal 
number of trees, which was never reached. In order to prevent overfitting, each 
of our 69 models was built following a 10-fold cross-validation procedure. 
According to this procedure, 10 BRT models are built in parallel using 10 random 
subsets of the data, each comprising 9/10th of the dataset. The predictive 
performance of each of these models is tested on the remaining 1/10th of the 
dataset (i.e., the validation data), whereby the 10 validation datasets are mutually 
exclusive (i.e., each observation is used for testing only once). The predictive 
power (deviation explained) is assessed after each addition of trees and addition 
of trees stops when the predictive power no longer improves. The final BRT 
model is obtained by averaging the predictive power and predictions of the 10 
models.  
Finally, focusing on the BRT models with a cross-validated R² of at least 
20%, we investigated the consistency of environmental responses of organisms 
sharing a given trait modality. In other terms, for a given trait modality, we 
investigated the extent to which environmental responses were similar between, 
on the one hand, the aggregated abundances of all taxa expressing a given trait 
modality, irrespective of the rest of their trait profile, and on the other hand the 
different orders or TPGs containing at least some taxa expressing the trait 
modality. The similarity in environmental responses between any two endpoints 
was computed as the Spearman rank correlation (rs) of the proportions of deviance 
explained by the 24 environmental variables. The significance of the correlations 
was assessed using the cor.test() function in R, and we applied a Bonferroni 
correction for multiple comparisons by dividing the desired p-value (0.05) by the 
number of comparisons. Next, we related the Spearman rank correlations between 
the environmental responses of each given trait modality and each order or TPG 
to (i) the specificity of the trait modality to the order/TPG, i.e. the percentage of 
all sampled individuals expressing the trait modality that belong to the group, and 
(ii) dominance of the trait modality within the order/TPG, i.e. the percentage of 
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all sampled individuals within the group that express the trait modality. A 
maximum specificity (100%) indicates that all individuals expressing a given trait 
modality belong to that order/TPG; a maximum dominance (100%) indicates that 
all individuals from the order/TPG express a given trait modality. 
4.3 Results  
4.3.1 Trait interrelationships and TPGs 
The Self-Organizing Map (SOM) revealed clear linkages between a number of 
traits (Fig. 4.2, Fig. 4.3, Appendix S4.2). Strong linkages were observed 
particularly among life-history traits. For example, multivoltinism was correlated 
to a fast development, short life span and small adult body size (Fig. 4.2). These 
linkages in life-history traits are illustrated for e.g. the Dipteran flies from TPG1 
and 9. Animals from TPG1 were small, short-lived and developing fast, allowing 
them to complete multiple generations a year, whereas those from TPG9 were 
mainly medium-sized, slow developing with only a single generation 
(univoltine). There were a few exceptions, with animals from TPG10 being small, 
yet exhibiting a slow development and being univoltine (Appendix S4.2, Fig. 
4.3). Nevertheless, large organisms generally tended to show slower 
development, fewer generations per year and a longer life span. Trait linkages 
were less strict across different trait categories, such as life-history, mobility and 
morphology traits, with multiple possible combinations.  For example, TPG2 
contained large predators with good mobility (crawling and swimming); 
however, animals from TPG6 were mostly clinging predators with low mobility 
(Appendix S4.2, Fig. 4.3). Yet, many of the gatherers, filterers and herbivores 
expressed very slow to slow crawling, and filterers and herbivores were often 
clingers with substratum attachment forms (Fig. 4.2). As an example, TPG5 
contained clinger filterers with substratum attachment forms and low mobility. 
Finally, swimmers generally had a streamlined body shape, and low female 
dispersal was correlated with weak flying (Fig. 4.2). The TPG analysis also 
highlighted essential differences of trait profile within some orders: for example, 
the Ephemeroptera from TPG4 were mostly small sized, strong swimmers and 
collector-gatherers, while those from TPG7 were medium sized clinger 
herbivores (Appendix S4.2, Fig. 4.3). 
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Figure 4.3 Clusters of 406 taxa based on the Self-Organizing Maps for all trait modalities. 
Each of the 10 clusters is a distinct trait profile group (TPG). Each taxon is represented 
by a symbol representing the order to which it belongs. Underlying trait modalities are 
given in Figure 4.2. 
4.3.2 Environmental responses of single trait modalities 
The cross-validated predictive power of the BRT models for single trait 
modalities ranged from R² = 0% (data not sufficient to build a model) to R² = 
37% (slow crawling, herbivory). There were 16 trait modalities where the BRT 
model had a predictive power of at least 20% (Appendix S4.3). Overall, the main 
predictors of single trait modality abundances included phosphorus 
concentration, riffle and pool quality, pH and slope. Additional predictors 
important for particular trait modalities included for example substratum quality, 
which was an important predictor of the abundance of herbivores, and off-stream 
percentage of wetlands, which was an important predictor of the abundance of 
collector-filterers. 
4.3.3 Environmental responses of orders 
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For the orders, the best performing BRT models were for Ephemeroptera, 
Trichoptera, Odonata and Plecoptera, with predictive power values of R² = 35, 
33, 22 and 20%, respectively (Appendix S4.3). Data appeared not sufficient to 
build BRT models for Hemiptera. The most important predictors varied between 
the orders. Pool quality, pH, slope and off-stream proportion of wetlands were 
important specifically for Trichoptera, while Ephemeroptera were related mainly 
to phosphorus, riffle quality and pH. Channel quality and nitrogen were important 
predictors for Plecoptera, and off-stream proportion of agricultural land appeared 
important for Odonata. The off-stream proportion of forest was important for both 
Plecoptera and Odonata. 
4.3.4 Environmental responses of trait-profile groups 
The best performing models were derived for TPG 7, 5 and 4, with predictive 
power values of R² = 38, 33 and 24%, respectively (Appendix S4.3). The other 
TPG models had less (<15%) or no predictive power (TPG3). The most important 
explanatory environmental variables differed between the TPGs. The abundance 
of TPG4 (small-sized, swimming gatherers) was best explained by pH, riffle 
quality and slope, while TPG5 (clinging filterers with attachment forms) was 
primarily related to pool quality, pH and off-stream proportion of wetlands. 
Finally, TPG7 (medium-sized, clinging herbivores) was mainly related to 
phosphorus concentration, conductivity, off-stream proportion of agricultural 
lands and altitude. 
4.3.5 Environmental responses of orders and TPGs versus single trait 
modality responses 
In general, different environmental responses were observed for a given trait 
modality and for the TPGs or orders, even if all the organisms within a particular 
TPG or order shared the given trait modality. For example, all taxa in TPG 4, 5 
and 7 exclusively use gills for respiration (100% gill respiration trait; see 
Appendix S4.2), yet the three TPGs differed markedly in how well their 
environmental response resembled the environmental response of the gill 
respiration trait modality (Table 4.3). The degree of similarity between the overall 
environmental response of a single trait modality and the environmental response 
of groups of macroinvertebrates (either TPGs or orders), as assessed by Spearman 
rank correlations, showed that stronger correlations were found when a given trait 
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modality was largely confined to a particular group and expressed by a majority 
of the organisms within that group (Fig. 4.4). For example, more than 80% of all 
sampled individuals with the trait modality ‘poor female dispersal’ belonged to 
the order of Ephemeroptera (high specificity) and all Ephemeroptera exhibited 
this trait modality (high dominance; see Appendix S4.4). Hence, the 
environmental responses of this trait modality and this order were strongly 
correlated (rs = 0.9; Table 4.3). 
Table 4.3 Correlations (rs) of the environmental responses of single trait modalities and 
those of orders or trait profile groups, with environmental responses quantified as the 
percentages of deviation explained by the 24 environmental variables. Only the trait 
modalities or groups for which the predictive power of the BRT model was at least 20% 
are included. Cases where all taxa within an order or TPG express a given trait modality 
(100% dominance) are underlined. Bold font indicates significant correlations after 
Bonferroni correction (P-value ≤ 0.001). Plec = Plecoptera, Ephe = Ephemeroptera, 
Odon = Odonata, Tric = Trichoptera.  
Trait modality Taxonomic group Trait profile group 
  Plec Ephe Odon Tric TPG 4 TPG 5 TPG 7 
Univoltine 0.14 0.33 -0.20 0.85 0.65 0.85 0.12 
Slow development 0.18 0.32 -0.06 0.87 0.72 0.88 0.10 
Emergence poorly 
synchronized 
0.32 0.86 0.06 0.41 0.87 0.38 0.63 
Emergence well 
synchronized 
0.32 0.22 -0.04 0.86 0.56 0.86 0.08 
Short life 0.32 0.25 -0.04 0.96 0.64 0.93 0.03 
Low female dispersal 0.19 0.92 0.10 0.32 0.81 0.31 0.80 
High female dispersal 0.32 0.12 0.02 0.71 0.39 0.70 0.06 
Strong flying 0.27 0.23 -0.15 0.89 0.63 0.91 0.17 
Adult unable to exit 
stream 
0.12 0.41 -0.07 0.79 0.78 0.80 0.14 
Low crawling rate 0.12 0.34 -0.13 0.84 0.69 0.85 0.12 
No swimming 0.29 0.14 0.03 0.72 0.42 0.71 0.06 
Weak swimming 0.12 0.86 -0.05 0.07 0.57 0.10 0.92 
Some attachment 0.22 0.11 -0.13 0.99 0.60 0.97 -0.08 
No armouring 0.33 0.28 0.01 0.84 0.61 0.84 0.16 
Unable to survive 
desiccation 
0.38 0.26 -0.01 0.85 0.59 0.84 0.13 
Streamlined 0.14 0.90 -0.04 0.25 0.71 0.24 0.80 
Not streamlined 0.22 0.17 0.09 0.71 0.45 0.70 0.09 
Medium size 0.10 0.29 -0.17 0.83 0.63 0.84 0.08 
Clinger 0.13 0.32 -0.16 0.82 0.64 0.81 0.10 
Collector-filterer 0.24 0.22 -0.10 0.94 0.68 0.95 0.06 
Herbivore 0.13 0.58 0.07 -0.12 0.37 -0.13 0.62 
Gill respiration 0.35 0.27 0.00 0.87 0.61 0.87 0.14 
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Figure 4.4 Similarity between responses of single trait modalities and those of species 
groups (orders or TPGs) in relation to how many individuals express the trait modality. 
This is expressed as the specificity (a), i.e. the proportion of all sampled individuals with 
a given trait modality that belong to the group, or as the dominance (b), i.e. the proportion 
of individuals in the group that express the trait modality. The environmental response 
similarity is based on the Spearman rank correlations (rs) as shown in Table 4.3. 
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4.4 Discussion 
4.4.1 Context dependency of the environmental responses of single trait 
modalities 
In this study, we examined the extent to which trait-environment relationships 
are context-dependent, i.e. whether trait-environment relationships differ 
between species that do not share the same evolutionary history (species from 
different orders) or between species that differ with respect to other traits (species 
from different TPGs) (see Verberk et al., 2013). Such context dependency 
challenges a notion that is implicit in many trait-based approaches, namely that a 
single trait consistently constitutes the same functional adaptation to a particular 
environmental gradient (Verberk et al., 2013). If the link between single trait 
modalities and environmental variables is meaningful in only a subset of species, 
this could explain the low discriminatory power of trait-environment analyses 
that simply aggregate abundances of all taxa sharing a trait modality.  
In accordance with our expectations, we found that the environmental 
responses of single trait modalities were not consistent across TPGs or orders 
expressing the given trait modality (Table 4.3). Thus, environmental responses 
found for single trait modalities may change depending on the other trait 
modalities of an organism or its evolutionary history (Table 4.3). This implies 
that the environmental response observed for a particular trait modality may in 
fact be spurious. The context may include not only other measured traits, as 
included in our trait profile group, but also ‘hidden’ traits shared by all taxa of a 
given order (Buchwalter et al., 2008; Verberk et al., 2013). This is exemplified 
by our finding that a streamlined body shape and poor female dispersal ability 
were correlated with the off-stream proportion of agricultural land (Appendix 
S4.3). These trait modalities were strongly linked to herbivory within the highly 
abundant family of Heptageniidae (Appendix S4.1). When excluding this single 
Ephemeropteran family from the BRT modelling, poor female dispersal and a 
streamlined body shape were, indeed, no longer associated with the off-stream 
proportion of agricultural land (see Appendix S4.5). Further, the association we 
found between a poor swimming ability and conductivity (Appendix S4.3) could 
be governed by ‘hidden’ traits of the Heptageniidae family, which has been 
described as sensitive to high conductivity (Dallas et al., 1999). Again, after 
excluding the Heptageniidae, the relationship of poor swimming ability and 
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conductivity disappeared (Appendix S4.5). These results indicate that the results 
were driven by the hyper-abundant Heptageniidae, making it unlikely that body 
shape or swimming ability is mechanistically linked to land use or conductivity. 
The similarity in environmental response between a given trait modality and 
a particular group of species (order or TPG) was strongly related to the extent in 
trait overlap (expressed as specificity and dominance) (Fig. 4.4). A high similarity 
between the responses of a single trait and those groups that consist mostly of 
organisms that express the trait (high dominance) is no surprise. However, the 
similarity in environmental responses of single traits and groups was more tightly 
linked to the specificity of a trait to a specific group, reflecting the extent to which 
all taxa that express the given trait were represented by that particular group. This 
indicates that the environmental responses of single trait modalities could in fact 
be driven by a majority rule, reflecting the responses exhibited by the majority of 
taxa that happen to exhibit the trait modality, rather than reflecting a mechanistic 
relationship explaining why these taxa respond the way they do. This is illustrated 
by the fact that taxa exhibiting a particular trait, but constituting a minority, 
tended to deviate most. Thus, our results suggest that a focus on single traits 
without taking into account the taxonomy or trait profile of organisms may lead 
to misinterpretations of environmental responses and reduce predictive power. 
Since poor predictive power is especially problematic for taxa that form a 
minority, such as rare or threatened species, this could have adverse 
consequences for biomonitoring and nature management. 
4.4.2 Comparison of groups based on similarity in traits and similarity in 
evolutionary history 
In our study, we used two approaches to account for the context dependency 
of traits: considering the other traits of the organisms (grouping taxa by their trait 
profile) or considering their evolutionary history (grouping taxa by order). 
Although we observed a clear overlap among trait profiles and orders (Fig. 4.3), 
we found that some orders were split across multiple TPGs with different 
environmental responses. For example, Ephemeroptera were split among TPG4 
and 7, with Ephemeroptera from TPG4 being more mobile, while those from 
TPG7 were mostly herbivorous clingers that showed a positive response to the 
off-stream proportion of agricultural land (Appendices S4.2, S4.3). This might be 
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explained by the fact that increasing nutrient concentrations from agricultural 
practices may favour algal production, thus increasing the amount of food 
resources for herbivores (see Mosisch et al., 1999). Thus, separating taxa based 
on their trait profile may bring new information in addition to their taxonomic 
identity. However, TPGs that merged organisms of different orders tended to 
result in BRT models with low predictive power. This was the case for example 
for TPG2, which combined many Plecoptera and Odonata, i.e., two orders with 
well-fitting BRT models when modelled separately (R2>0.20). Thus, although 
these taxa have many traits in common (as evidenced by their joint grouping in 
TPG2), their responses to environmental variables differ, likely because of the 
traits they do not have in common. Plecoptera are known as sensitive taxa 
predominantly present in low order, cold-water forested habitats, while many 
Odonata species also occur in warmer, sun-exposed lentic habitats (Kalkman et 
al., 2008; Törnblom et al., 2011). This example shows that when using traits to 
understand the patterns in habitat use in stream macroinvertebrates, the order that 
taxa belong to can be a relevant proxy for ‘hidden traits’ shaped by their 
evolutionary history (see also Resh et al., 1994; Usseglio et al., 2000; Verberk et 
al., 2013; Poteat, Jacobus & Buchwalter, 2015). 
Against our expectations, the predictive power of our models was, on 
average, higher for the orders than for the TPGs. Thus, even the broad-brush 
taxonomic classification by order outperformed the trait-based classifications in 
quantifying biota-environment relationships (although not by much). Data on 
more traits and more detail in the trait data will likely improve the performance 
of the TPGs. For example, the large majority of taxa in TPG1 were chironomids, 
a speciose family, with the many species differing strongly in their habitat use. 
These differences in habitat use are rooted in differences in their trait profiles (see 
e.g. van Kleef et al., 2015), but this type of trait data was unavailable for the 
species in our study, as all the chironomid taxa were similarly encoded in the trait 
database. Trait information of higher taxonomic resolution and encompassing 
more types of traits will likely improve predictions, provided one takes into 
account the effect of context dependency, for instance by looking at relative trait 
investments (Verberk et al., 2013). Nevertheless, this should not detract from the 
fact that evolutionary history contains valuable information, either for setting the 
context within which to interpret the adaptive value for traits or as a proxy for 
‘hidden’ traits.  
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4.4.3 Implications and outlook 
Our results show that environmental responses observed for single trait 
modalities were context-dependent, differing among groups of organisms sharing 
particular trait modalities, likely because of other traits possessed by the 
organism. This context dependency may lead to spurious relationships between 
single traits and environmental variables and implies that traits are preferably 
studied in relation to an organism’s other traits or within a confined context. Our 
model results for the TPGs and orders suggest that each approach has its merits 
and that both approaches are complementary, as seen in separating TPG2 
according to order (Plecoptera and Odonata), and separating the Ephemeroptera 
according to TPG4 and TPG7. We expect that the value of trait-based 
classifications may increase if more traits were included. Differences between 
orders in their environmental responses must eventually reside in differences in 
‘hidden’ traits, possibly of a physiological nature, or they arise because of a 
different trait context, as evolutionary history predisposes related taxa to have 
similar traits or trait combinations. In addition, a greater level of detail in the 
underlying trait data can be helpful. Organisms may exhibit a certain level of 
plasticity in their traits, especially over large geographical areas such as the one 
we based our study upon. For example, Flenner et al. (2010) report geographical 
variation in voltinism. Such plasticity may in itself constitute an important trait 
but information of this level of detail is, to our knowledge, not yet available for 
many taxa in North America. Until more extensive and detailed trait information 
becomes available, combining trait-based approaches with information regarding 
evolutionary history may be most informative in order to quantify and understand 
biota-environment relationships (Felsenstein, 1985; Rezende & Diniz-Filho, 
2012; Verberk et al., 2013). 
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Abstract 
Trait-based approaches are increasingly advocated to better understand how 
species respond to their environment. The underlying premise is that species with 
similar traits also respond similarly to environmental conditions. Here we test this 
premise for aquatic macroinvertebrates, using biomonitoring data collected at 609 
stream sites located across the state of Ohio (USA) and an extensive trait database 
including 17 traits and 49 trait modalities for North American 
macroinvertebrates. We focused our analyses on 23 macroinvertebrate species 
that showed clear responses to 19 key environmental factors. For each species, 
we quantified its response to each environmental factor with Boosted Regression 
Trees. Then, for each of in total 253 pairs of species, we quantified both the 
similarity in their environmental responses using Fréchet distance, and the 
similarity in their trait profile as the proportion of shared traits. Contrary to the 
widely held premise, we found no correlation between trait profile similarity and 
environmental response similarity (R² = 0.01; p = 0.07). Even species with 
exactly the same trait profile, usually of the same genus, often showed marked 
differences in their environmental responses. These results call for a critical 
rethinking of trait-based approaches, when the aim is to better understand how 
species respond to their environment. We highlight three directions. First, it may 
be worth to include data on additional traits, as “hidden traits” not included in our 
analyses might explain the different responses of species that otherwise have the 
same trait profile. Additionally, using continuous rather than categorical traits 
may help reveal differences between taxa, especially species of the same genus. 
Lastly, taking into account trait interrelationships might help to better understand 
observed trait-environment relationships, as the adaptive value of a trait may be 
conditional on the other traits it possesses. 
Keywords: functional traits, species-environment relationships, environmental 
filtering, stream ecosystems, trait-based ecology 
5.1 Introduction 
One of the key goals in ecology is to understand how species respond to their 
environment (Vellend, 2010). However, species-environment relationships as 
such generally provide little insight into the underlying mechanisms, precluding 
community ecology to transgress from a descriptive to a more predictive science 
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(Keddy, 1992b; McGill et al., 2006; Verberk et al., 2013). A possible way forward 
is to derive trait-environment relationships, where traits are defined as specific, 
measurable characteristics of species which define an organism´s performance 
and function in a given ecosystem (McGill et al., 2006). The basic premise 
underlying trait-based approaches is that they provide a better mechanistic 
understanding of biota-environment relationships than taxon-based approaches 
(Southwood, 1977; McGill et al., 2006; Statzner & Beche, 2010; Culp et al., 2011; 
Verberk et al., 2013). An added advantage of using traits is that they do not 
depend on taxonomic identity and therefore facilitate extrapolation of biota-
environment relationships across large distances where regional species pools 
may differ (Keddy, 1992b; Statzner et al., 2007). In the last decades, the field of 
community ecology has seen a clear shift from taxon-based to trait-based 
analyses (e.g. McGill et al, 2006; Poff et al., 2006; Menezes et al., 2010; Statzner 
& Beche, 2010). The use of traits in ecological studies is nowadays facilitated by 
databases containing trait information on large numbers of taxa (Dolédec et al., 
2006; Vieira et al., 2006; Statzner et al., 2007; Schmidt-Kloiber & Herring, 2015). 
Trait-based approaches are used for a variety of species, but are relatively 
well developed for aquatic invertebrates. Most trait-based studies on the 
environmental responses of aquatic invertebrates are performed at the community 
level, analyzing the (relative) abundance of traits exhibited by species in the 
community in relation to environmental conditions (e.g. Charvet et al., 1998; Ilg 
& Castella, 2006; Pollard & Yuan, 2010; Descloux et al., 2014). However, due 
to the lack of detailed trait information at species level, and the potential 
difficulties in identifying aquatic macroinvertebrates at species level, trait-based 
approaches often aggregate information at the genus or even family level. While 
there is no dispute that causal factors operate at the level of species or below, it 
has been argued that a taxonomic resolution at the genus level is adequate for 
describing trait responses to environmental conditions, as closely related species 
are expected to be functionally similar (Statzner & Beche, 2010; Gayraud et al., 
2003). However, both the focus on trait-environment relationships and the use of 
higher taxonomic levels as surrogates rely heavily on the main premise that 
species sharing more traits also have more similar environmental responses 
(Keddy, 1992b; Weiher & Keddy, 1995; Ricotta et al., 2008). Yet, the basic 
hypothesis that functionally similar species have the same fundamental niche, i.e. 
respond similarly to (abiotic) environmental filters, remains hardly tested.  
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In this paper we test this premise for aquatic macroinvertebrates. To that end, 
we modelled the responses of single macroinvertebrate species to 19 key 
environmental factors with Boosted Regression Trees models and obtained 
information on their trait profile from an extensive trait database for North 
American macroinvertebrates (Poff et al., 2006). Then, we calculated the 
similarity between pairs of species for both trait profile and environmental 
responses. Finally, we quantified the extent to which similarity in environmental 
response between pairs of species corresponded with similarity in trait profile. 
Obviously, as species composition changes along environmental clines, it is 
inevitable to also find patterns in species traits along environmental clines. 
However, such patterns in traits could either reflect causal mechanism or 
constitute another way of describing the pattern in species turnover. If the former 
holds, similarity in traits should be correlated to similarity in environmental 
responses. If the latter holds, no such relationship is expected a priori. Our study 
therefore tests the extent to which a trait-based approach helps to better 
understand environmental response patterns or instead provides an alternative 
description of patterns in habitat use. 
5.2 Methods 
5.2.1 Monitoring data 
Data on macroinvertebrate assemblages and corresponding environmental 
conditions were available from 609 samples obtained across Ohio (Figure 4.1; 
Pilière et al., 2014a). Here, we provide a brief description of the data we used; 
more details on data collection and processing is available in Appendix S2.1 (see 
also Kapo et al., 2014). All samples were collected between 2000 and 2008 by 
the Ohio EPA and associated teams. Invertebrates were sampled using modified 
Hester-Dendy artificial substrates, which are left in streams for invertebrate 
colonization for six weeks, typically between June and September (Ohio EPA, 
1989). Abundance data were available for 406 macroinvertebrate taxa, among 
which we selected only those identified at species level (206 species – Appendix 
S5.1). All abundances were log-transformed (y = log10(n+1)) before further 
analyses.  
From the database, we selected 19 environmental factors expected to affect 
macroinvertebrate communities, and assigned those factors to three categories: 
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physiography (2), in-stream morphological habitat quality (7), and water 
chemistry (10; Appendix S5.2). At a given sampling site, measurements of the 
abiotic variables were conducted in the same year as the invertebrate sampling. 
The physiographical variables included altitude and slope, acting as surrogates 
for factors not included in the database but potentially relevant to 
macroinvertebrates, such as water temperature, oxygen availability, substrate 
type and current velocity. The physical habitat quality was described by the 
metrics of the Qualitative Habitat Evaluation Index (QHEI), which was 
developed by the Ohio EPA (Rankin, 1989). Those metrics are evaluated in the 
field according to a standard evaluation sheet (Ohio EPA, 2006). The water 
chemistry category included biological oxygen demand, chemical oxygen 
demand, conductance, hardness, total nitrogen, total phosphorus, pH, total 
dissolved solids, total suspended solids and toxic pressure (see Appendix S5.2). 
Toxic pressure of toxicant mixtures was expressed as the multi-substance 
Potentially Affected Fraction of species (msPAF) and was derived from 
environmental concentrations combined with toxicity data of multiple chemicals 
following De Zwart and Posthuma (2005). Chemicals included 13 industrial 
substances (metals and ammonia), seven household substances, and 49 
pharmaceuticals including synthetic estrogens. More details about the toxic 
pressure derivation are available in Appendix S2.1. 
5.2.2 Quantifying species’ environmental responses 
We linked the log-transformed abundance of each of the 206 
macroinvertebrate species to our set of 19 environmental factors with Boosted 
Regression Trees (BRT). BRT constitute a non-parametric regression-based 
modelling technique that allows for disentangling the individual effects of 
explanatory factors and for generating curves that quantify the response to a 
particular factor of interest given averaged levels of the other explanatory factors 
(Friedman, 2001; Friedman & Meulman, 2003; Elith et al., 2008). We used a tree 
complexity of two, i.e. we allowed for pairwise interactions, as these appeared a 
good compromise between explanatory power and interpretability of the models 
(Pilière et al., 2014b). We set the learning-rate at 0.005, making sure to build at 
least 1000 trees for each model, and the bag-fraction at 0.65 (Elith et al., 2008). 
Finally, we used a 10-fold cross-validation procedure to avoid the models 
overfitting the data (Elith et al., 2008). The overall predictive power as well as 
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individual contributions of environmental factors for the cross-validated BRT 
models are provided in Appendix S5.3. 
5.2.3 Trait and response similarity 
To quantify environmental response similarity, we selected only those species 
that showed a clear response to the environmental factors included in our analysis. 
To that end, we selected species with cross-validated BRT models with R² > 20%, 
as a compromise between model performance and number of species retained. 
This led to a selection of 23 species. To assess whether our results would change 
much if using a different threshold, we applied two additional thresholds, i.e., R2 
> 15% (38 species) and R2 > 10% (48 species). For each pair of species, we 
calculated the difference in response to a given environmental factor as the 
Fréchet distance between the two response curves (Alt et al., 2004). By default, 
BRT models derive response curves based on a 100 points located at regular 
intervals across the environmental factor gradient. The Fréchet distance value 
depends on the units of the x (environmental gradient) and y (species log-
transformed abundance) axes; in order to be able to compare distance values 
between different environmental factors, and different species, we rescaled both 
axes to a 0-1 range. We rescaled the environmental gradients according to 
Equation 5.1: 
x′i,j =  
xi,j − xmini
xmaxi − xmini
      i ∈ {1,19}  ;  j ∈ {0,100}      (Eq. 5.1) 
Where x’i,j is the rescaled value of the jth point of the gradient of 
environmental factor i, xi,j the original value of that jth point, and xmini and xmaxi 
are the minimum and maximum value of the gradient of environmental factor i, 
respectively.  
The responses of each species were similarly rescaled to a 0-1 range 
according to Equation 5.2, thus eliminating systematic differences in abundance 
between species to focus on the response curves’ magnitude and shape. 
a′i,j =  
ai,j − amini
amax − amini
      i ∈ {1,19}  ;   j ∈ {0,100}      (Eq. 5.2) 
Where a’i,j is the rescaled value of the jth point of the species’ abundance 
response to environmental factor i, ai,j the original value of that jth point, amini the 
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minimum value of the species’ abundance response to environmental factor i, and 
amax the maximum value of the species’ abundance response across all 19 
environmental factors. Using amax instead of amaxi allows for conserving 
differences in magnitude of the response curves to the different environmental 
factors.   
Having rescaled both axes, the maximum Fréchet distance that could be 
obtained was 1. Therefore, we computed environmental response similarity 
between two species as 1 minus the Fréchet distance. We did this for each 
environmental factor individually, thus obtaining 19 distance matrices describing 
the similarity in response to a given environmental factor for each pair of species. 
Then, we calculated the similarity in trait profile between each pair of species as 
the number of shared trait modalities divided by the total number of traits. Trait 
data were derived from a database containing trait information on 
macroinvertebrate taxa of North-America (Poff et al., 2006). Trait information 
was available at either genus or family level and included 17 traits with 49 
corresponding categorical trait modalities, distributed among four categories 
describing the organism’s biology: life-history, mobility, morphology, and 
ecology (Appendix S4.1). Finally, we assessed the correlation between the 
similarity in environmental responses and the similarity in trait profile, both for 
each environmental factor individually and on average across all 19 
environmental factors.  
5.3 Results  
Averaged across all environmental factors, the (Fréchet) similarity between 
response curves of species pairs was uncorrelated to the similarity in trait profile 
(Figure 5.1), indicating that species that share many traits may still differ 
markedly in their response to the environment. When considering each 
environmental factor individually, a significant correlation (after Bonferroni 
correction, p < 0.0026) was observed between trait profile similarity and 
similarity in response to altitude, but the strength was very low (R2 = 0.04; 
Appendix S5.4). Furthermore, congeneric species with the exact same trait profile 
(trait similarity = 1) often showed different environmental responses.  The 
selection of 23 species included three sets of congeneric species: Hydropsyche (5 
species), Maccaffertium (5 species), and Acroneuria (2 species). In all three sets, 
the environmental response curves for species differed among congeners.  
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Figure 5.1 Relationship between the environmental response similarity and the trait 
profile similarity for pairs of species, averaged across all 19 environmental factors. Each 
point represents one pair of species. 
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Differences were observed in the magnitude as well as the shapes of the response 
curves. For example, species from the Maccaffertium genus all responded 
positively to increased riffle quality, but with different amplitude. Further, they 
exhibited clearly different responses to altitude, including positive, negative, and 
flat relationships (Figure 5.2).  
5.4 Discussion 
In our study, we assessed the environmental responses of macroinvertebrates 
in relation to their trait profiles, and found no relation between similarity in 
environmental responses and similarity in trait profile (Figure 5.1). Further, our 
results showed that even closely related species, belonging to the same genus, 
may show different and sometimes even inverse responses to environmental 
factors (Figure 5.2). Species’ distributions may be influenced not only by abiotic 
conditions but also by biotic interactions such as predation, competition or 
mutualism, by dispersal processes, and by stochastic effects (Vellend et al., 
2010). Moreover, competition may be stronger between species which have 
similar trait profiles and are thus sharing the same ecological niche. This can lead 
to low distribution overlap as species tend to exclude each other (Violle et al., 
2011). However, even if we exclude pairs of congeners, for which competitive 
displacement is likely most pronounced, the correlation between response and 
trait profile similarity does not improve (Appendix S5.5). Furthermore, limiting 
similarity processes related to competitive exclusion are expected to act on a more 
local scale than environmental filtering (Weiher & Keddy, 1995), and our study 
is based on strong environmental gradients on a large scale (state of Ohio, ca 
116,096 km²; Figure 4.1). This makes it unlikely that a predominance of biotic 
factors masked the patterns in trait-environment relationships.  
In short, our findings do not support the main premise underlying trait-based 
approaches, i.e., that species with similar traits also show similar environmental 
responses. This raises a clear call for explanations as well as for suggestions on 
how to move forward. We suggest three possible causes, and outline potential 
directions.  
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Figure 5.2 Environmental responses of species from the Maccaffertium genus. 
Responses are shown for species with a predictive power of the BRT models of at least 
20%. 
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First, important traits may have been missing from our analysis, due to a lack 
of information. Species having identical trait profiles according to the database 
may show different environmental responses due to “hidden traits” not included 
in our analyses (Buchwalter et al., 2008; Verberk et al., 2013). Second, traits that 
were included may not have sufficient resolution. Much trait data was available 
on genus or family level and this is obviously insufficient to explain differences 
in environmental responses between congeneric species. For the different 
Hydropsyche species, for example, there are clear differences in habitat 
preferences (Vieira et al., 2006). H. aerata is recorded as a cold-cool eurythermal 
preferring temperatures between 0 and 15°C, while H. bidens and H. frisoni are 
noted as warm eurythermals. Such habitat preference differences are likely rooted 
in ecophysiological traits that were not included in the database we used. 
Measuring additional traits, such as behavioral or ecophysiological traits, could 
help discriminate between species and explain the differences observed in 
environmental responses. Trait resolution also pertains to traits being quantified 
on a categorical rather than a continuous scale (Poff et al., 2006). On a categorical 
scale, subtle differences in traits among species cannot be accommodated, while 
these may be relevant in the context of environmental filtering. Using continuous 
or relative trait values rather than coarse categories that may not fit all species 
could help solve this issue (see discussion in Verberk et al., 2013). Finally, the 
adaptive value of traits may depend on the other traits of a species, such that trait-
environment relationships may differ across species due to traits being 
interrelated (Pilière et al., 2015). For instance, a certain trait may be adaptive only 
in combination with a second trait (e.g. the combination of diapausing resistant 
stages and rapid development to thrive in a habitat with short predictable periods 
of suitability). Similarly, different traits may serve the same purpose in different 
species (e.g. endophytic oviposition and ovoviviparity to prevent egg predation). 
Reporting such findings on trait interactions and synthetizing those into 
functional strategies may bring more mechanistic understanding of species-
environment relationships (Verberk et al., 2013). 
Implications 
Trait-based approaches have rapidly developed during the last decades and 
are increasingly used, mainly at community level. Many studies show successful 
applications of trait-based approaches. Some used traits as proxies for community 
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characteristics or as measures of ecosystem health by calculating trait-based 
community metrics, for example functional diversity or evenness (e.g. Villeger 
et al., 2008). Others used traits to distinguish between disturbed and pristine sites 
(Statzner et al., 2001), trait-based indices to detect impact of specific stressors 
(e.g. Liess et al., 2008), or linked single trait frequencies to environmental 
gradients (e.g. Pollard & Yuan, 2010). Most studies using trait-based approaches 
to quantify and understand biotic environmental responses relate the abundance 
or frequency of the traits to environmental conditions. Those endpoints are 
sensitive to intrinsic differences in abundance between species, as the responses 
observed may be driven by a few abundant species, while the responses of rare 
species are obscured (de Zwart et al., 2006; King & Baker, 2010). In this respect, 
trait-based approaches simply default to an alternative description of species 
assemblages (Pilière et al., 2015). Although this may be useful to provide 
additional information about species assemblages, when the aim is to generate 
mechanistic understanding of environmental responses of individual species, a 
higher similarity in trait profile needs to translate in a higher correlation in 
environmental responses. The current level of detail in the trait information for 
aquatic macroinvertebrates in North America appears insufficient to predict the 
environmental response of a given species on the basis of its traits. We call for a 
critical rethinking of trait-based approaches when the aim is to better understand 
how species respond to their environment, specifically with respect to trait 
interrelationships, hidden traits, and resolution of the trait data. 
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6.1 Introduction 
The central aim of this thesis was to quantify and compare the environmental 
responses of different endpoints describing stream fish communities and 
macroinvertebrate communities. The endpoints cover aggregated integrity 
indices, the abundance of single species and orders, as well as the abundance of 
traits and trait-profile groups (Chapter 1). In Chapters 2 to 5, environmental 
responses were quantified for one or more of those endpoints. Here, the findings 
of the previous chapters are synthetized based on a systematic comparison of the 
different biological endpoints, in order to provide an overview of their 
applicability and relevance. The comparison is based on a set of five criteria, 
covering aspects that are generally considered relevant for the selection of 
suitable biodiversity indicators (Noss, 1990; Convention on Biological Diversity 
[CBD], 2003; Gregory et al., 2005). The first two criteria, i.e. modelability and 
sensitivity to anthropogenic stressors, were quantitatively scored for each 
endpoint based on the results of the biota-environment models. The other three 
criteria, i.e. ease of endpoint derivation, contribution to mechanistic 
understanding, and relevance to policy makers, were scored qualitatively. 
Because the set of environmental predictors used was not identical in each of 
the previous chapters, and because fish species abundance was not yet modelled 
in the preceding chapters, additional Boosted Regression Trees (BRT; Elith et al., 
2008) were built for this chapter, covering all endpoints and using a homogeneous 
set of 19 environmental predictors, generating 405 models (see Table 6.1). Model 
performance for each endpoint, i.e. each available combination of endpoint 
category (integrity indices, species and orders, traits and trait profile groups) and 
taxonomic group (fish and invertebrates) is provided in Table 6.1. The 
environmental predictors are detailed in Table 6.2. Details of the methods for this 
analysis are provided in Appendix 6.1, and the list of fish species is provided in 
Appendix 6.2. Each of the following five sections (6.2 to 6.6) focuses on a given 
criterion, details what the criterion implies, and describes how the scores for this 
criterion were attributed to each endpoint. Finally, section 6.7 summarizes the 
previous sections and concludes this synthesis. 
6.2 Modelability 
The modelability of a biotic endpoint, i.e. the possibility to model the 
endpoint’s response to environmental conditions, is an important criterion to 
select an endpoint, because quantitative biota-environment relationships help to 
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assess biotic responses to management measures or future environmental 
conditions (CBD, 2003). Evaluation of this criterion was based directly on the 
results of the BRT models. Three sub-criteria were taken into account for the 
scoring: (i) the proportion of successful models out of all models built for the 
endpoint, (ii) the average cross-validated predictive power of the successful 
models in each endpoint category, and (iii) the model cross-validation standard 
error (Table 6.1). A model was considered successful if a pattern of 
environmental response for the given endpoint component was detectable from 
the data (i.e., the model had a predictive power > 0 %). The cross-validated 
predictive power corresponds to the R² between the observed values of the 
endpoint component and the values predicted by the BRT models, averaged 
across the 10 models built using a tenfold cross-validation procedure. The higher 
the predictive power, the better the model is able to predict the endpoint values 
using the given set of environmental predictors. Finally, a high standard error in 
the predictive power of the 10 cross-validated models signifies that the results 
would extrapolate poorly to other data, i.e. that the models may be overfitting the 
data. For each of these three sub-criteria, the seven endpoint categories (five for 
invertebrates and two for fish) were ranked according to the values obtained, 
whereby the endpoints with the highest proportion of successful models, the 
highest average predictive power and the lowest cross-validation standard error 
obtained the highest ranks for the respective sub-criteria. Then, the ranks obtained 
by each endpoint were averaged across the three sub-criteria to obtain the final 
score for modelability (Table 6.1).  
The fish integrity index was the endpoint with the best performing model, 
followed by the invertebrate integrity index, while the single species models 
performed worst. The integrity indices are highly aggregated variables, with 
values ranging from 0 to 60 for the invertebrate index and 12 to 60 for the fish 
index, whereas all other endpoints are based on abundance data, which is 
typically “noisy” and thus harder to model, even when log-transformed. Further, 
the single species endpoint especially may include rare species for which the 
biotic data is insufficient to build successful predictive models, while other 
endpoints group species together based on either traits or taxonomy, reducing the 
risks of insufficient biotic data. Poor performances of environmental response 
models may also be due to low sensitivity of the endpoint to the environmental 
conditions of interest. This can be the case if the endpoint of concern covers 
tolerant organisms, which can thrive in a broader range of environmental 
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conditions and thus typically show weaker environmental responses than 
sensitive organisms (Chapter 3). Alternatively, an organism’s distribution may be 
mainly driven by factors or processes not covered by the environmental 
predictors considered. These may include other abiotic factors as well as biotic 
processes like interactions or dispersal (Vellend, 2010; Weiher et al., 2011). Such 
cases make the endpoint less informative for biota-environment relationship 
studies.  
Table 6.1 Boosted Regression Tree model performances for each endpoint. The cross-
validated R2 and cross-validated standard error are averaged across successful models 
(i.e. BRT models with R2 > 0). In bold font are the ranks obtained by each endpoint for 
each of the sub-criteria. Inv. = Invertebrates; TPG = Trait-profile group. 
                    Endpoint 
Criterion 
  
Single 
species 
Orders Single 
traits 
TPGs Integrity 
indices 
Inv. Fish Inv. Inv. Inv. Inv. Fish 
Proportion of successful 
models (%) 
48 74 80 96 90 100 100 
Rank 7 6 5 3 4 1 1 
Cross-validated R² (%) 14 23 19 20 16 27 42 
Rank 7 3 5 4 6 2 1 
Cross-validation 
standard error (%) 
18 16 13 11 13 12 7 
Rank 7 6 4 2 4 3 1 
Overall rank 7 6 4 3 4 2 1 
 
6.3 Responsiveness to anthropogenic stressors 
While the relationships of biota to all types of environmental factors are of 
ecological interest, biotic responses to anthropogenic stressors are relevant in 
particular from the perspective of biodiversity conservation and environmental 
management. In this study, it was difficult to disentangle biotic responses to 
human-caused changes, as the environmental factors considered (see Appendix 
6.1 for the complete list) cannot be categorized as either fully natural or fully 
anthropogenic. For example, variation in stream pH as well as the susceptibility 
of waters to acidification depend on both anthropogenic and natural influences 
(e.g., from surrounding catchment geological characteristics) (Nelson et al., 2011; 
Tolkkinen et al., 2015). For the purpose of the endpoint comparison, however, 
altitude and slope were considered to represent natural gradients, while variations 
in stream physical habitat quality scores and water chemistry parameters (e.g.: 
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total nitrogen, total phosphorus, pH) were considered to be more susceptible to 
anthropogenic modifications. Therefore, the endpoint sensitivity to 
anthropogenic stressors was quantified based on the relative predictive power of 
physical habitat quality and water chemistry factors in the BRT models, averaged 
across all endpoints in each category. Then, the endpoints were ranked according 
to their responsiveness to factors susceptible to anthropogenic influences (Table 
6.2).  
The invertebrate integrity index obtained the highest score, followed by the 
fish integrity index, while the single species models obtained the lowest scores 
for the responsiveness to anthropogenic stressors criterion (Table 6.2). The better 
performance of the integrity indices for this criterion could be expected, as those 
indices are designed to give a measure of ecological impairment by comparing 
the biotic assemblage from a sampled site to the biotic assemblages found in 
reference sites, i.e. near-pristine, undisturbed conditions (Weigel et al., 2006; 
Whittier et al., 2007). In other words, they specifically measure the degree of 
ecological impairment due to human activities. Further, the invertebrate 
endpoints appeared slightly more sensitive to changes in water chemistry 
(especially pH and phosphorus) than fish endpoints, which were on the contrary 
more sensitive than invertebrate endpoints to stream habitat quality (see also 
Chapter 2). These differences in sensitivity to water chemistry may be due to 
physiological differences between the two taxonomic groups, for example 
regarding body surface area/volume ratio, implying that invertebrates are more 
sensitive to water chemistry (Neumann et al., 2005). The higher sensitivity of fish  
6.4 Ease of endpoint derivation 
Both material and time resources required to sample biotic assemblages and 
derive the chosen biological endpoints are relevant to stakeholders and in 
particular to environmental managers. Costs should be weighed against 
information gains, and ideally reduced to a minimum, while safeguarding the 
information required for taking sound decisions regarding protection and 
restoration of aquatic resources. Necessary taxonomic resolution, and thus the 
effort required for taxa identification, differs between endpoints, being highest 
for single species and lowest for orders. Some endpoints require additional data. 
For example, trait information is obviously required for trait-based approaches, 
but also for integrity indices which often take the richness or abundance of given 
functional groups into account (Ohio EPA, 1987).  
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Table 6.2 Average contribution (%) of the environmental factors to the predictive 
power of the BRT models for each category of endpoints. The three main contributing 
factors for each endpoint category are highlighted in grey. Inv. = Invertebrates; TPG = 
Trait-profile group. 
Endpoint 
Factors 
Species Orders Single 
traits 
traits 
TPGs Integrity 
indices 
Inv. Fish Inv. Inv. Inv. Inv. Fish 
Physiography        
Altitude 1.4 4.1 1.6 1.2 1.2 0.4 2.6 
Slope 1.8 2.7 1.5 2.2 1.8 1.1 1.3 
Stream habitat quality        
Channel 0.6 0.9 0.8 0.6 0.5 1.3 5.6 
Cover 0.3 0.7 0.3 0.3 0.3 0.2 1.0 
Gradient 0.3 0.5 0.3 0.3 0.3 1 0.6 
Pool 0.5 0.8 1.4 1.6 1.2 0.4 1.3 
Riffle 1.1 2.4 1.6 1.4 1.1 1.7 4.6 
Riparian 0.2 0.4 0.5 0.6 0.5 0.5 0.7 
Substrate 0.6 1.0 0.6 0.7 0.5 2.0 1.4 
Water chemistry 
BOD5 0.4 0.7 0.5 0.5 0.4 1.7 0.5 
COD 0.2 0.6 0.3 0.4 0.3 1.2 0.7 
Conductance 0.6 1.0 0.6 0.7 0.8 1.4 3.5 
Hardness 1.4 1.3 1.2 0.9 0.8 0.9 2.1 
N 0.7 1.0 1.4 0.5 0.6 3.4 5.4 
P 0.9 1.0 2.4 3.4 2.1 5.3 4.1 
pH 0.7 0.9 1.5 2.5 1.7 2.1 1.8 
TDS 0.6 0.8 1.0 0.7 0.6 0.8 2.5 
TSS 0.6 0.8 0.5 0.6 0.7 1.6 0.7 
MsPAF 0.6 0.8 0.8 0.7 0.6 0.3 1.1 
Total contribution of 
natural factors (%) 
3.2 6.8 3.2 3.3 3.0 1.5 3.9 
Total contribution of 
anthropogenic factors (%) 
10.4 15.7 15.6 16.6 13.1 25.8 37.8 
Relative importance of 
anthropogenic factors (%) 
76  70  83  83  81  94  91  
Rank 6 7 3 3 5 1 2 
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The level of detail of the trait information as well as the taxonomic resolution 
required depend on the goal of the study, and is especially high when the aim is 
to gain a mechanistic understanding of species-environment relationships by 
using traits (Chapters 4, 5). Further, derivation of integrity indices requires data 
on reference conditions, i.e., on biotic assemblages encountered in undisturbed 
sites (Joy & De’ath, 2004, Whittier et al., 2007). It can be argued however that 
trait and reference data need to be obtained only once for a given study region 
and species pool while organisms need to be identified each time a new sample 
is taken. Post-sampling data processing must also be taken into account: deriving 
trait-profile groups, be it using clustering techniques (Chapter 4) or based on life-
history theory and expert judgement (e.g. Verberk et al., 2008b) represents an 
additional effort. Finally, the techniques used to sample fish and invertebrates, 
namely electrofishing versus kick-net and/or artificial substrate sampling (see 
Ohio EPA, 1989), differ in their costs and applicability, with invertebrate 
sampling requiring arguably less material. However, there are many more 
invertebrate taxa than fish taxa, and taxonomic identification especially at higher 
resolutions is more cumbersome for invertebrates than it is for fish, which may 
balance the lesser costs of invertebrate sampling. Therefore, the scores attributed 
for this criterion have not been differentiated according to taxonomic group. 
All in all, invertebrate orders obtained the highest score for the ease of 
endpoint derivation criterion, due to relatively low taxonomic resolution. 
Integrity indices were scored slightly lower, due to the need for additional data 
on functional groups and reference conditions. Given the identification effort 
needed, single species were scored lower than integrity indices, and trait 
approaches scored lower still due to the additional trait information requirements. 
Out of the trait approaches, trait profile groups were scored the lowest due to 
necessary post-sampling data treatment.  
6.5 Contribution to mechanistic understanding 
Increased mechanistic understanding of biota-environment relationships is 
expected to move forward (ecological) science (McGill et al., 2006; Vellend, 
2010). This requires a shift from merely describing a given endpoint’s response(s) 
to environmental factors, towards explaining why those response patterns are 
observed. Taxonomy-based approaches, which link species or higher taxonomic 
levels to environmental factors, provide only a descriptive picture of biotic 
responses: taxonomic identity in itself does not help reveal the underlying 
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processes which cause a given taxon to respond to environmental conditions in a 
certain way (Keddy, 1992b; McGill et al., 2006). In comparison, trait-based 
approaches are grounded in ecological theory, as functional traits are considered 
to reflect species adaptations to the prevalent environmental conditions. As such, 
they are expected to provide mechanistic understanding of biota-environment 
relationships (Statzner & Beche, 2010; Culp et al., 2011). However, traits should 
be viewed in combination, as the adaptive value of a single trait may depend on 
the other traits possessed by an organism (Chapter 4; Verberk et al. 2013). 
Consequently, linking single traits to environmental factors may merely provide 
an alternative way to describe patterns in species assemblages (Chapter 4). Trait-
profile groups are a potential solution to the issue of trait interlinkages; however, 
the definition of trait-profile groups currently lacks a standardized protocol 
(Chapter 4; see also Poff et al., 2006; Verberk et al., 2008a,b). Further, it was 
found in Chapter 5 that similarity in traits was not correlated with similarity in 
environmental responses, suggesting that the current level of detail in trait 
information is insufficient to explain species-environment relationships.  
In the end, integrity indices, single species and orders were scored the lowest 
for the contribution to the mechanistic understanding criterion. Single traits 
obtained a higher score, but the score remained low due to the potential 
difficulties arising from trait interlinkages. Trait-profile approaches were scored 
the highest, but did not obtain the maximum score, due to the absence of 
standardized protocols to identify TPGs and the need for increased detail in trait 
information.  
6.6 Relevance to policy makers and environmental managers 
To be relevant for policy makers and environmental managers, a biological 
endpoint should allow for quantitative evaluation of ecological quality in order to 
provide targets for management or restoration, and corresponding evaluation of 
the effectiveness of policy measures (CBD, 2003; Gregory et al., 2005). It should 
be tangible, and easily interpretable.  
Single species abundances are easy to interpret and may be relevant to policy 
makers as long as the number of species is limited (e.g., endangered species, 
umbrella species). Data on the conservation status of invertebrate taxa, however, 
is scarce, while more data is available for fish species (IUCN, 2015). Orders may 
also represent relevant targets or indicators for conservation and environmental 
management, in particular when they are sensitive to environmental change. For 
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example, Ephemeroptera, Trichoptera and Plecoptera (EPT taxa) are often used 
as indicators of good ecological quality (see Chapter 3). Trait-based endpoints 
and especially trait-profile groups are more difficult to apprehend than the other 
endpoints and do not immediately provide clear targets for nature conservation 
policies. While increased mechanistic understanding may provide insight into the 
most relevant protection or restoration measures, it was not considered for this 
criterion as it is specifically discussed in section 6.5.  
From all endpoints included in this thesis, integrity indices are considered to 
be the most relevant endpoints for policy makers and environmental managers. 
They are specifically designed to evaluate the ecological quality of a site in a 
standardized way, require identification at coarse taxonomic levels and provide 
benchmarks for environmental quality conservation policies. Therefore, the 
integrity indices obtained the maximum for this criterion. Both orders and species 
were scored equally, and lower than aggregated indices, while trait-based 
endpoints were scored the lowest for this criterion.  
6.7 Conclusions 
Table 6.3 Scoring of the different endpoints according to a set of criteria. The qualitative 
scores vary from + (very low) to +++++ (very good). Inv. = Invertebrates; TPG: Trait-
profile group. 
       Endpoint 
Criteria 
Single 
species 
Orders Single 
traits 
TPGs Integrity 
indices 
Inv. Fish Inv. Inv. Inv. Inv. Fish 
Quantitative scoring       
Model performance 7 6 4 3 4 2 1 
Responsiveness to 
anthropogenic 
stressors 
6 7 3 3 5 1 2 
Qualitative scoring       
Ease of endpoint 
derivation 
+++ +++ +++++ ++ + ++++ ++++ 
Mechanistic 
understanding 
++ ++ ++ +++ ++++ ++ ++ 
Relevance  to 
stakeholders 
+++ +++ +++ + + +++++ +++++ 
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An overview of the scores attributed to each biological endpoint according to 
each criterion shows clearly that no biological endpoint is ‘perfect’ (Table 6.3). 
Instead, each has its merits and its main domain of applicability and relevance. 
The endpoints compared in this thesis may be coarsely grouped into three 
categories with different characteristics that define their potential use (Figure 
6.1): 
 Integrity indices are best applied as a tool to monitor and evaluate 
ecological quality and provide management targets. They provide easy to 
apprehend measures of ecological quality, are derived according to 
standardized protocols, and a priori discriminate human impacts from 
natural factors if reference conditions are well-defined. They are, however, 
not designed to provide mechanistic understanding of biota-environment 
relationships. Further, the relatively coarse taxonomic resolution used to 
derive integrity indices imply that these indices may overlook responses of 
specific taxa (Chapter 3).  
 Taxonomy-based endpoints provide a descriptive picture of the 
community as well as the necessary basis for the derivation of all other 
endpoints. The sampling effort varies according to the level of taxonomic 
identification.  
 Trait-based endpoints are increasingly applied and expected to offer 
increased mechanistic understanding. Although trait-profile group 
approaches have a high potential to fulfill the expectation of providing 
increased mechanistic understanding of biota-environment relationships, 
they require further (trait) data availability and further data treatment. 
Overall, trait-based approaches require high precision in taxonomic and trait 
identification. Further research and development of available trait databases, 
in terms of e.g. continuous trait information and taxonomic resolution, are 
needed. A rethinking of trait-based approaches, towards the use of trait 
combinations (i.e. trait-profile groups, life-history strategies) rather than 
single traits, is recommended to help the field move forward.  
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Figure 6.1 Three categories of biological community endpoints fit for different uses.  
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Human activities worldwide modify environmental conditions and result in 
biodiversity loss, especially in freshwater ecosystems. Increased knowledge of 
biota-environment relationships is needed to predict the consequences of future 
changes and take appropriate protection and restoration measures. The increasing 
amount of monitoring data on both environmental conditions and biotic 
assemblages, coupled with the development of new statistical techniques suited 
for the analysis of large-scale complex datasets, offers novel opportunities to 
investigate environmental response patterns of biotic assemblages. Numerous 
endpoints, each with specific features, can be used to characterize biotic 
assemblages. Selecting the endpoint most appropriate for a given aim requires 
knowledge on how these endpoints compare in terms of their specific features 
and responses to environmental change. 
The central aim of this thesis was to quantify and compare the environmental 
responses of different endpoints describing stream fish and macroinvertebrate 
communities (Chapter 1). Endpoints included multimetric integrity indices, 
single species and higher taxonomic levels, and trait-based endpoints. Models 
describing biotic responses to multiple environmental factors, covering 
physiography, stream habitat quality and water chemistry, were built for one or 
several endpoint categories in Chapters 2 to 6. Boosted Regression Trees (BRT), 
a machine learning technique suited to build predictive models using complex 
ecological data, were used to build those environmental response models. All 
models were based on a comprehensive, large-scale monitoring database gathered 
by the Ohio Environmental Protection Agency (Ohio EPA), containing 
information on stream fish and invertebrate assemblages and associated 
environmental conditions for 689 stream sites located across Ohio (USA). For 
Chapters 4 and 5, additional trait data was extracted from a publicly available 
trait database for North-American macroinvertebrates. The order of the chapters 
followed a gradient of increasing endpoint detail, from aggregative integrity 
indices to single species, and a gradient from descriptive (taxonomic) approaches 
to functional (trait-based) approaches. In addition to the overarching goal of 
endpoint comparison, each chapter focused on answering a specific research 
question related either to a given endpoint category or to the overall theme of 
environmental response modelling. 
Multimetric indices of biotic integrity provide a quantitative measure of 
biological quality of a site by comparing the biotic assemblage it supports with 
assemblages observed in near-pristine, undisturbed reference sites. Given the 
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considerable sampling efforts required for biomonitoring, it is important to know 
the extent to which indices based on different groups respond similarly to 
environmental conditions. In Chapter 2, a comparison was made of the 
environmental responses of two indices of biotic integrity, the Index of Biotic 
Integrity (IBI) for fish and the Invertebrate Community Index (ICI) for 
invertebrates. In addition, the concordance between the fish and invertebrate 
communities was assessed using a Mantel test. The analysis revealed that the IBI 
and ICI were sensitive to different environmental factors. The IBI was primarily 
related to stream habitat quality and latitude, whereas the ICI mainly responded 
to the phosphorus concentration. Response curves differed for physiographical 
and stream habitat quality variables, but were similar for most water chemistry 
variables, suggesting that the two indices could be used as surrogates for each 
other when evaluating water chemistry quality.  
Disentangling the influences of multiple environmental factors on ecosystem 
integrity is not straightforward, as environmental factors may interact and biotic 
responses may be non-linear. The aim of Chapter 3 was to better understand the 
influence of interactions between environmental factors on invertebrate 
assemblage structure. To that end, BRT were used to model the environmental 
responses of the ICI and its 10 component metrics, including environmental 
factor interactions increasing from first to 10th order. Models including predictor 
interactions consistently had a larger predictive power than baseline models with 
no interactions. The gain in predictive power was largest between the baseline 
and the pairwise interaction models, suggesting that modelling pairwise 
interactions provides a good compromise between gain in predictive power and 
interpretability of the results. Further, the comparison of the responses of the ICI 
and its component metrics showed that similar environmental responses of the 
metrics were associated with amplified importance of these predictors for the ICI, 
while heterogeneous responses appeared to cancel each other out at the level of 
the ICI, thus illustrating the consequences of variable aggregation.  
In Chapters 4 and 5, the focus shifted from aggregated indices to more 
detailed endpoints, along with an increasing focus on functional approaches 
based on traits. Because traits are expected to reflect a species’ adaptation to its 
environment, trait-based approaches are expected to provide increased 
mechanistic understanding of biota-environmental relationships. However, traits 
are interrelated within species, which implies that the adaptive value of a trait 
within a given environmental context may depend on the other traits of the 
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organism. In Chapter 4, the importance of these trait interrelationships for 
understanding environmental responses was evaluated, by investigating whether 
the response of macroinvertebrates sharing a given trait differed according to 
their taxonomy or to their other traits. Responses of macroinvertebrates that share 
a given trait were found to be inconsistent and were influenced by both the other 
traits possessed by the organisms as well as the order to which they belonged. 
Furthermore, single trait responses were often similar to the responses of the most 
abundant taxonomic group expressing the trait, suggesting that the single trait 
responses merely represented patterns in habitat use by the most abundant 
species. Thus, single trait approaches may lead to spurious environmental 
response relationships. These results highlight the importance of taking into 
account trait interrelationships when the goal is to obtain further mechanistic 
understanding of the environmental responses of biotic assemblages.   
The aim of Chapter 5 was to further test the main premise underlying trait-
based approaches, i.e. that species with similar traits also respond similarly to 
environmental conditions. Environmental response models were built for 206 
macroinvertebrate species, leading to a selection of 23 species that exhibited clear 
responses along environmental gradients. For each of the 253 possible pairs of 
species, the similarity in their environmental response (using Fréchet distance on 
environmental response curves derived by the BRT models), and the similarity in 
their trait profile (as the proportion of shared traits) were quantified. No 
correlation between similarity in environmental response and trait profile 
similarity was found (R2 = 0.01; p = 0.07). This is illustrated by congeneric 
species with the same trait profile showing strikingly different environmental 
responses. The results of Chapter 4 and 5 thus call for a critical rethinking of trait-
based approaches. Taking into account the overall trait profile and evolutionary 
history of an organism rather than single traits may increase our understanding of 
species response patterns. Additionally, more detailed trait information, e.g. 
including additional traits or using continuous rather than categorical 
information, might help explain the different responses of species sharing an 
otherwise similar trait profile.  
Chapter 6 concludes the thesis by evaluating and comparing the various 
endpoints according to a set of six criteria: modelability, sensitivity to 
anthropogenic stressors, ease of endpoint derivation, contribution to mechanistic 
understanding, relevance to stakeholders, and relevance for biodiversity 
monitoring. This systematic comparison showed that no single endpoint 
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consistently outperforms the others, but rather that each has its own merits and is 
best applied in a different context, thus highlighting the importance of careful 
endpoint selection according to the study goal. integrity indices are best used as 
a tool to quantify ecological impairment, but give an incomplete picture of the 
biological assemblage and do not provide mechanistic understanding. Taxonomic 
approaches, based on single species or higher taxonomic levels, provide an 
inclusive picture of biological assemblages and their environmental responses, 
and are the necessary basis for the derivation of the other endpoints. Finally, trait-
based approaches are expected to provide mechanistic understanding of biota-
environment relationships, but additional research is necessary to increase the 
level of detail of trait data and identify the most appropriate approach to take into 
account trait interrelationships in trait-environment models.  
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Appendix S2.1 Data collection and processing 
 
The dataset used in our study is part of a database developed by a consortium 
of companies and institutes including The Procter & Gamble Co., the Dutch 
Institute for Public Health and the Environment (RIVM) and Waterborne 
Environmental, Inc. (see Kapo et al., in review). Apart from the altitude data, 
which we added to the dataset ourselves (see Physiography), all data used in our 
study were retrieved from this database. The database was assembled from data 
collected by the US Environmental Protection Agency (USEPA), Ohio 
Environmental Protection Agency (Ohio EPA) and the US Geological Survey 
(USGS). Local catchments form the basic geographical unit of the dataset. Local 
catchments were delineated based on the National Hydrography Dataset Plus 
(NHD Plus, USEPA and USGS, 2005), such that there was one Ohio EPA 
biomonitoring site within each catchment. The dataset used in our study 
comprised 545 local catchments with an average size of approximately 2km². 
Each local catchment was sampled once during the 2000-2008 period. Biotic data 
were collected from the biomonitoring sites. The watershed area, latitude, 
longitude and altitude values were measured based on the biomonitoring 
locations. Other environmental variables were measured within the local 
catchment upstream of the biomonitoring location. Thus, each entry of the dataset 
corresponds to a local catchment, with all biotic and abiotic variables having been 
measured within this catchment during the same year. If there were multiple 
measurements per catchment, the values were aggregated as described later into 
a single value per local catchment. Some variables (physical habitat quality, 
slope) were not measured for every local catchment in the dataset. The number 
of local catchments with data available for each variable is provided in Table 
S2.1.1.  
Biotic endpoints 
Field data for fish and invertebrate communities for the time period 2000-
2008 were obtained from the Ohio EPA. Within the Ohio EPA's Biological 
Monitoring and Assessment program, statewide biosurveys to assess the 
ecological status of Ohio rivers and streams are conducted every 5-10 years (see 
for example Ohio EPA, 2012). The state of Ohio is divided into 25 hydrological 
units. Each year, five of those units are monitored by sampling approximately 
400 to 500 sites in total. Methods were designed to obtain as complete a 
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breakdown of the community as possible, partial collections being insufficient 
for the IBI and ICI calculation (Ohio EPA 1987,1989).  
Fish and macroinvertebrate sampling took place between mid-June and end 
of September, in appropriate climatic conditions. Fish sampling was conducted 
by either boat-mounted or wading electrofishing methods (Sportyak generator or 
long-line generator). The appropriate standardized sampling gear was used 
according to stream size, and two or three passes were conducted for each site, 
with a minimum of three weeks interval in between to insure that communities 
have the time to recover from the perturbation caused by sampling. Accurate 
identification of the species was conducted at a minimum at species level (Ohio 
EPA 1987,1989). The quantitative collection of macroinvertebrates was 
conducted primarily using multi-plates Hester-Dendy artificial substrates. 
Artificial substrates are colonized instream for a period of six weeks, with special 
care given to the location of the artificial substrates and the physical instream 
conditions (e.g. flow velocity) to assure comparable conditions and optimal 
collection. In addition, a qualitative collection of macroinvertebrates with D-net 
kicks takes place in all the natural habitats present instream at the sampled 
location. Voucher specimens are retained for laboratory identification (Ohio EPA 
1987,1989). Invertebrates are identified at species level whenever possible, else 
at genus or family level.  
The database includes abundance of 736 invertebrate taxa and 129 fish taxa 
for all of the 545 biomonitoring sites. Further, the database contains two 
multimetric indices to represent the integrity of freshwater communities: IBI and 
ICI. The Index of Biotic Integrity (IBI) measures the biological integrity of the 
fish community by quantifying the deviation from fish communities observed in 
minimally disturbed reference areas. It is composed of 12 submetrics describing 
structural (e.g., species richness or proportion of individuals from given 
taxonomic groups) and functional (e.g., pollution-tolerant taxa, trophic groups) 
aspects of the fish community. The raw values of the submetrics, as obtained from 
field data, are assigned scores according to the degree of deviation from the value 
expected at a reference site, located in a stream of similar size in a similar 
geographic area with minimal human influence. Each metric can take a value of 
1, 3 or 5; the higher the deviation from reference conditions, the lower the score. 
The overall IBI score is obtained by summing all submetric scores and ranges 
from 12 (integrity highly deviating from reference) to 60 (reference-condition 
like integrity). The Invertebrate Community Index (ICI) is quantified according 
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to a similar procedure. It includes 10 submetrics which can take values of 0, 2, 4 
or 6: the overall index thus ranges from 0 to 60 (Ohio EPA 1987,1989).  
Environmental variables 
Physiography 
The entire watershed area upstream of each biomonitoring location was 
delineated by identifying and aggregating all upstream local catchments, 
including the catchment of the biomonitoring site itself, using GIS tools and the 
NHD Plus dataset (see McKay et al., 2012). Latitude and longitude for each 
biomonitoring location were provided by the Ohio EPA. Using the latitude and 
longitude, we retrieved the altitude of each biomonitoring location from the 
National Elevation Dataset of the USGS, with an accuracy of approximately 3 
meters of altitude. The slope value for local catchments was obtained from the 
Natural Resources Conservation Service (NRCS) in the form of the Soil Survey 
Geographic database (SSURGO; USDA-NCRS, 2009).  
Physical habitat quality 
Physical habitat quality was represented by the Qualitative Habitat 
Evaluation Index (QHEI) and its associated submetrics, collected as part of the 
Ohio EPA's monitoring program during the 2000-2008 period (Ohio EPA, 2006). 
The QHEI is a multimetric index evaluating the physical macrohabitat quality in 
running waters, originally developed for fish. It is composed of seven metrics 
related to particular characteristics of the stream habitat: substrate type and 
quality, type and amount of instream cover, channel morphology, riparian zone 
and bank erosion, pool and glide quality, riffle and run quality, and local gradient 
(elevation drop through the sampling area) (Ohio EPA, 2006). Those metrics are 
evaluated by expert judgement in the field according to a standard evaluation 
sheet, and their scores are summed to arrive at an overall score ranging from 0 
(poorest quality) to 100 (maximum quality). A score of 60 is typically required 
as a minimum to observe a ’good’ fish community as represented by the score of 
the Index of Biological Integrity (IBI). The scores attributed to each submetric of 
the QHEI for a given year were aggregated by computing the average value for 
each component metric per local catchment, i.e. by averaging all values of the 
submetric measured within the local catchment. The averaged metric scores were 
then summed to obtain the QHEI index value per local catchment. 
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Water chemistry 
Water chemistry data were collected by the Ohio EPA and correspond to the 
data submitted to the USGS National Water Information System (NWIS) 
database (USGS, 2001). Sampling and measurement procedures are described by 
the Ohio EPA (2009). In the database, each water chemistry variable is 
represented as the maximum value for a given local catchment, i.e. the maximum 
value measured for this variable in the local catchment during the given year. 
Toxic pressure (msPAF) 
General approach 
Toxic pressure of multiple toxicants was expressed as the multi-substance 
potentially affected fraction (msPAF) of species, i.e. the fraction of the biological 
community which is expected to be affected by a given toxic mixture.  The 
calculation of the msPAF requires the following steps: 
1. Quantification of field toxicant concentrations and correction for 
bioavailability. 
2. Calculation of single-substance potentially affected fraction of 
species at field concentration for each toxicant, using Species Sensitivity 
Distribution models (SSDs) and toxicity data. Species Sensitivity 
Distributions (Posthuma, Suter & Traas, 2002) are statistical models 
describing the relationship between the potentially affected fraction of 
species (PAF) and the environmental concentration of a given toxicant. 
The method originated from the observation that inter-species variation 
in sensitivity to toxicants can be described by a log-normal distribution 
(see Equation 1). SSDs are based on single species, single compound 
laboratory toxicity tests. EC50 values, i.e. the concentration at which 
50% of individuals of a given species are affected by the toxicant, were 
used to describe the toxicity of the different substances. 
 
where PAFj is the potentially affected fraction of species at site j for a 
given log-transformed concentration Cj of the toxicant of concern, µ is 
the average- and  is the standard deviation of the log-transformed 
toxicity values for the given toxicant (e.g. EC50 toxicity values for 
different species), and f is the lognormal function.  
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3. Calculation of the multi-substance potentially affected fraction 
of species, using concentration addition (for toxicants with the same toxic 
mode of action - TMoA) or response addition (for toxicants with different 
TMoA, see Equation 2) models (de Zwart et al., 2006). 
 
where msPAFj  is the multi-substance potentially affected fraction of 
species at site j, N is the number of toxicants taken into account in the 
msPAF calculation, and PAFi,j  is the potentially affected fraction of 
species for toxicant i at site j.  
Three groups of toxicants were included in the calculation of the msPAF: 
industrial toxicants, household products, and pharmaceuticals, including 
estrogens. Lists of the susbtances included and corresponding toxicity data are 
provided in Tables S2.1.2-4. Industrial toxicants concentrations were measured 
in the field, while concentrations for household products and pharmaceuticals 
were derived from exposure models (see below).  
Determination of total environmental concentrations 
Field concentrations of 13 industrial toxicants, mainly metals and ammonia 
(Table S2.1.2), were obtained from the Ohio EPA (USGS, 2001). Like for water 
chemistry, each variable was represented as the maximum value for each local 
catchment/year combination. An exposure model for ”down-the drain” chemicals 
in effluent for Ohio surface waters was developed, that used the algorithms of the 
GIS-ROUT approach applied at the resolution of the NHD Plus hydrologic 
network. The local concentrations of seven common household products, and 49 
pharmaceuticals and estrogens (Table S2.1.3, S2.1.4) were modeled according to 
this approach. Based on the per capita use of each chemical in combination with 
population served, facility flow, substance-specific removal rate (accounting for 
facility treatment type provided in the USEPA, 2004), instream loss, stream flow, 
velocity and segment length, the GIS-ROUT approach yields an estimate of the 
average concentration for each stream segment incorporating any cumulative 
upstream concentrations. Per capita use rates, removal rates and instream loss 
rates are dependent upon the fate and transport properties of each particular 
chemical and were assigned using software tools (EPI Suite version 4.0, U.S. 
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EPA; ASTREAT software, McAvoy, 1999) and/or values from the literature (De 
Zwart et al., 2006; IUCLID, 2002; Kostich & Lazorchak, 2008). 
Determination of bioavailable environmental concentrations 
Using measured or modeled environmental concentrations, the bioavailable 
concentrations of chemicals were determined according to the following 
assumptions. The bioavailability of metals is strongly associated with the 
dissolved fraction in ionized form (Sorensen, 1991), which depends on water 
hardness. The bioavailable fraction for each chemical was estimated in each reach 
given the water hardness. Unionized ammonia (NH3) is 100 times more toxic for 
fish than the ammonium ion (NH4+) (USEPA, 1999). Total ammonia was 
expressed as the 90th percentile value of total ammonia values measured at a local 
catchment. NH3 was estimated from total ammonia following methods given in 
USEPA (1999). Because ionization of ammonia is dependent on pH and 
temperature, we used site-specific median pH and assumed a constant 
temperature of 12°C in the calculations. The modelled concentrations of the 
household-products chemicals and pharmaceuticals were considered to be 
entirely bioavailable. 
Toxicity data 
Empirical acute (industrial toxicants and pharmaceuticals) or chronic 
(household product constituents and estrogens) toxicity data (see Tables S2.1.2-
4) were taken from the Dutch National Institute for Public Health and the 
Environment e-tox Base (www.e-toxbase.com). Insufficient toxicity data were 
available for pharmaceuticals. Additional values were generated based on QSAR 
estimates for algae, daphnia and fish (Sanderson & Thomsen, 2007) and the Web-
Interspecies Correlation Estimation program (Raimondo et al., 2010). 
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Table S2.1.1 List of predictor variables 
Category Variable Description and origin 
# of 
entries 
with 
available 
data 
Biotic 
responses 
IBI Index of Biotic Integrity, fish (OEPA) 545 
ICI Invertebrate Community Index (OEPA) 545 
Physiography 
Latitude Latitude (degree) 545 
Longitude Longitude (degree) 545 
Drainage 
area 
Drainage area in km² (OEPA) 545 
Altitude Altitude in m (GPS data) 545 
Slope Soil slope (NCRS SSURGO) 518 
Toxic 
pressure 
msPAF 
Combined toxic pressure of 13  industrial 
toxicants, 7 household products constituents, 3 
estrogenic endocrine disruptors and 49 
pharmaceuticals 11 metals, ammonia and 
nitrite (OEPA, NWIS, modeled GIS-ROUT) 
545 
Water 
chemistry 
BOD Biological oxygen demand on 5 days (mg/L; 
OEPA, NWISNWIS) 
545 
COD Chemical oxygen demand (mg/L; OEPA, 
NWIS) 
545 
pH pH (SU; OEPA, NWIS) 545 
N Total nitrogen concentration (mg/L; OEPA, 
NWIS) 
545 
P Total phosphorus concentration (mg/L; OEPA, 
NWIS) 
545 
TDS Total dissolved solids (mg/L; OEPA, NWIS) 545 
TSS Total suspended solids (mg/L; OEPA, NWIS) 545 
Conductance Specific conductance (mS/cm; OEPA, NWIS) 545 
Hardness Hardness (CaCO3 concentration in mg/L; 
OEPA, NWIS) 
545 
Physical 
habitat 
quality 
Quantitative habitat evaluation index (QHEI) component metrics 
 Channel Channel morphology quality (OEPA) 535 
 Cover Instream cover quality (OEPA) 535 
 Pool Pool habitats quality (OEPA) 535 
 Riparian Riparian area quality (OEPA) 535 
 Riffle Riffle habitats quality (OEPA) 535 
 Substrate Stream substrate quality (OEPA) 535 
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Table S2.1.2 Toxicity data for industrial toxicants. µ and  are the parameters of the 
lognormal function for Species Sensitivity Distributions models. 
Chemical 
CAS 
number 
µ  Unit 
Toxic 
Mode of 
Action 
Arsenic, total 7440-38-2 3.4 0.4 µg/L As 
Barium, total 7440-36-0 5.6 0.6 µg/L Ba 
Cadmium, total 7440-39-3 2.9 1.2 µg/L Cd 
Chromium, total 7440-47-3 3.8 1.1 µg/L Cr 
Copper, total 7440-50-8 2.2 0.9 µg/L Cu 
Iron, total 7439-89-6 4.8 0.9 µg/L Fe 
Lead, total 7439-92-1 3.7 0.7 µg/L Pb 
Nickel, total 7440-02-0 3.7 0.9 µg/L Ni 
Zinc, total 7440-66-6 3.3 1.0 µg/L Zn 
Aluminium, total 7429-90-5 3.2 0.5 µg/L Al 
Nitrogen (ammonia), total 7664-41-7 0.8 0.8 mg/L NH3 
Nitrogen (nitrite), total 14797-65-0 3.0 0.7 mg/L NO2 
Mercury, total 7439-97-6 2.4 0.9 µg/L Hg 
Table S2.1.3 Toxicity data for household products and estrogens. µ and  are the 
parameters of the lognormal function for Species Sensitivity Distributions models. 
Chemical 
CAS 
number 
µ  Unit 
Toxic 
Mode of 
Action 
Triclosan 3380-34-5 -1.8 0.8 µg/L Biocide 
Linear alkyl sulfonate –C12  -0.2 0.5 µg/L Detergent 
Alcohol ethoxylate sulfonate  -0.3 0.6 µg/L Detergent 
Alcohol ethoxylate  -0.2 0.6 µg/L Detergent 
Boron 7440-42-8 1.2 0.7 µg/L Biocide 
Amine oxide  -0.7 0.6 µg/L Detergent 
Triclocarban 101-20-2 -1.0 2.1 µg/L Biocide 
Ethinylestradiol 77538-56-8 -4.5 1.8 µg/L Estrogen 
Conjugated estrogens 12126-59-9 -0.4 0.9 µg/L Estrogen 
Estradiol 50-28-2 -0.7 0.9 µg/L Estrogen 
Table S2.1.4 Toxicity data for pharmaceuticals. µ and  are the parameters of the 
lognormal function for Species Sensitivity Distributions models. 
Pharmaceutical CAS number µ  Unit Toxic Mode of Action 
Acetaminophen 000103-90-2 1.4 0.7 mg/L Acetaminophen 
Albuterol 018559-94-9 1.1 0.7 mg/L Albuterol 
Allopurinol 000315-30-0 2.5 0.6 mg/L Allopurinol 
Alprazolam 028981-97-7 0.8 0.9 mg/L Alprazolam 
Amitriptyline 000050-48-6 0.3 1.0 mg/L Amitriptyline 
Amlodipine 088150-42-9 0.9 0.9 mg/L Amlodipine 
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Table S2.1.4 (Continued)     
Amphetamine 000300-62-9 1.2 0.7 mg/L Amphetamine 
Atenolol 029122-68-7 2.4 0.6 mg/L Atenolol 
Atorvastatin 134523-00-5 -0.2 1.2 mg/L Atorvastatin 
Benztropine 000132-17-2 0.8 0.8 mg/L Benztropine 
Betamethasone 000378-44-9 1.8 0.8 mg/L Betamethasone 
Carbamazepine 000298-46-4 1.4 0.8 mg/L Carbamazepine 
Clonidine 004205-91-8 1.3 0.7 mg/L Clonidine 
Digoxin 020830-75-5 1.6 1.0 mg/L Digoxin 
Diltiazem 033286-22-5 1.0 0.8 mg/L Diltiazem 
Enalapril 075847-73-3 2.0 0.6 mg/L Enalapril 
Fluocinonide 000365-12-7 1.4 0.8 mg/L Fluocinonide 
Fluticasone 90566-53-3 1.5 0.8 mg/L Fluticasone 
Furosemide 000054-31-9 2.0 0.6 mg/L Furosemide 
Glipizide 029094-61-9 0.7 0.9 mg/L Glipizide 
Glyburide 010238-21-8 -0.1 1.1 mg/L Glyburide 
Hydrochlorothiazide 000058-93-5 2.6 0.6 mg/L Hydrochlorothiazide 
Hydrocodone 000125-29-1 1.3 0.7 mg/L Hydrocodone 
Hydrocortisone 000050-23-7 1.8 0.8 mg/L Hydrocortisone 
Ibuprofen 015687-27-1 1.6 0.8 mg/L Ibuprofen 
Isosorbide 
mononitrate 
016051-77-7 3.4 0.7 mg/L Isosorbide mononitrate 
Levothyroxine 000055-03-8 1.1 0.7 mg/L Levothyroxine 
Liothyronine 006893-02-3 1.7 0.6 mg/L Liothyronine 
Lisinopril 083915-83-7 3.6 0.8 mg/L Lisinopril 
Metformin 000657-24-9 2.9 1.0 mg/L Metformin 
Metoprolol 037350-58-6 1.7 0.7 mg/L Metoprolol 
Nitroglycerin 000055-63-0 2.3 0.6 mg/L Nitroglycerin 
Norethindrone 000068-22-4 1.5 0.7 mg/L Norethindrone 
Methylprednisolone 000083-43-2 1.8 0.8 mg/L Methylprednisolone 
Prednisolone 000050-24-8 2.0 0.8 mg/L Prednisolone 
Prednisone 000053-03-2 1.8 0.8 mg/L Prednisone 
Promethazine 000060-87-7 0.18 0.9 mg/L Promethazine 
Propoxyphene 000469-62-5 -0.1 1.0 mg/L Propoxyphene 
Propranolol 000525-66-6 0.4 0.9 mg/L Propranolol 
Sertraline 079559-97-0 -0.2 1.0 mg/L Sertraline 
Simvastatin 079992-63-9 0.2 1.0 mg/L Simvastatin 
Theophylline 000058-55-9 2.6 0.6 mg/L Theophylline 
Triamterene 000396-01-0 1.9 0.8 mg/L Triamterene 
Valsartan 137862-53-4 1.4 0.8 mg/L Valsartan 
Verapamil 000152-11-4 0.5 1.0 mg/L Verapamil 
Warfarin 000129-06-6 1.1 1.2 mg/L Warfarin 
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Appendix S2.2 Distribution of the data points along the environmental predictor 
gradients. The x-axis represents the gradient of the environmental predictor of concern 
across the sampled sites. The y-axis represents the cumulated frequency of the data points. 
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Partial dependency plots extracted from the best BRT models for the ICI component 
metrics, illustrating single predictor-response relationships for predictors explaining at 
least 4% of the variation in at least 1 biotic endpoint. The deciles of the predictor's 
distribution are represented by the tickmarks at the top of the plot. Taxa: Total number 
of species. #Eph: Species richness of Ephemeroptera. #Tri: Species richness of 
Trichoptera. #EPT: Species richness for genera Ephemeroptera-Plecoptera-Trichoptera. 
#Dip: Species richness of Diptera. Pct Eph: Percentage of Ephemeroptera individuals. 
Pct Tri: Percentage of Trichoptera. Pct Tan: Percentage of Tanytarsini midges. Pct Oth: 
Percentage of other Diptera and non-insects. Pct Tol: Percentage of tolerant individuals. 
 
Appendix S3.2 
 Main pairwise predictor interactions fitted by the best BRT models for the ICI and each 
of its component metrics. The interaction size represents the magnitude of the interactive 
effect as calculated by the gbm.interactions function. See Elith et al. (2008) for details on 
the calculation. 
ICI 
Variable 1 Variable 2 
Interaction 
size 
P pH 1552.27 
P QHEI 658.4 
N QHEI 558.86 
QHEI Latitude 545.71 
TotalPAF pH 530.9 
BOD5 QHEI 481.82 
QHEI Slope 407.44 
N pH 404.45 
pH COD 318.24 
pH Latitude 280.6 
pH BOD5 266.26 
Altitude Latitude 208.71 
P N 200.32 
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Appendix S3.2 (Continued) 
Taxa  PctEph 
Variable 1 Variable 2 
Interaction 
size  
Variable 1 Variable 2 
Interaction 
size 
Longitude Latitude 960.18  Altitude Latitude 817.01 
QHEI Longitude 632.78  Slope Latitude 602.3 
P Longitude 429.07  Longitude Watershed area 476.21 
P QHEI 398.65  QHEI Longitude 395.1 
TotalPAF pH 313.68  Altitude Longitude 268.15 
P pH 310.9  TotalPAF Longitude 240.27 
pH QHEI 218.96  pH QHEI 182.03 
QHEI Latitude 211.24  TDS Latitude 169.99 
P Latitude 195.89  pH Longitude 169.19 
pH Altitude 195.84  pH Latitude 155.04 
QHEI Altitude 154.49  P Longitude 145.19 
Altitude Longitude 141.15  TotalPAF QHEI 125.22 
pH Longitude 140.76  BOD5 QHEI 117.56 
       
#Eph  PctTri 
Variable 1 Variable 2 
Interaction 
size  
Variable 1 Variable 2 
Interaction 
size 
Altitude Longitude 1761.24  Longitude Watershed area 1208.32 
pH QHEI 563.53  Altitude Watershed area 724.87 
Conductance Hardness 485.27  pH QHEI 709.89 
COD QHEI 471.99  Conductance Watershed area 659.7 
QHEI Longitude 309.31  Slope Watershed area 413.51 
pH Longitude 301.77  Conductance Longitude 411.89 
Latitude Watershed area 246.35  Conductance pH 402.74 
QHEI Altitude 240.52  Longitude Latitude 305.46 
Altitude Latitude 235.89  pH Latitude 298.38 
Conductance Longitude 220.35  QHEI Longitude 275.89 
Conductance pH 203.98  Hardness Longitude 226 
Hardness Latitude 191.57  Altitude Longitude 212.07 
Altitude Watershed area 177.45  QHEI Slope 209.37 
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Appendix S3.2 (Continued) 
#Tri  PctTan 
Variable 1 Variable 2 
Interaction 
size  
Variable 1 Variable 2 
Interaction 
size 
QHEI Longitude 1163.64  Longitude Latitude 1464.23 
TotalPAF QHEI 837.13  Altitude Longitude 945.58 
Altitude Watershed area 476.84  N Longitude 672.62 
Longitude Watershed area 384.21  QHEI Longitude 647.08 
pH Watershed area 372.16  Longitude Watershed area 456.07 
Latitude Watershed area 360.31  N Watershed area 379.78 
Hardness Watershed area 277.66  Slope Latitude 326.82 
N Latitude 269.28  pH Longitude 230.26 
QHEI Altitude 258.02  Conductance Longitude 204.46 
QHEI Watershed area 250.5  N Altitude 185.4 
Longitude Latitude 145.94  pH Watershed area 177.09 
pH QHEI 98.58  BOD5 Longitude 173.76 
pH Altitude 89.33  Slope Longitude 165.52 
       
#EPT  PctOth 
Variable 1 Variable 2 
Interaction 
size  
Variable 1 Variable 2 
Interaction 
size 
Longitude Latitude 1164.54  Altitude Latitude 752.88 
QHEI Latitude 1049.45  BOD5 QHEI 489.29 
QHEI Longitude 1020.29  P BOD5 440.99 
Altitude Longitude 864.16  QHEI Latitude 252.4 
pH Longitude 723.41  Longitude Watershed area 234.03 
Longitude Watershed area 495.04  QHEI Slope 226.27 
QHEI Watershed area 463.36  Latitude Watershed area 195.75 
Latitude Watershed area 454.55  P pH 184.76 
BOD5 QHEI 285.62  pH Longitude 180.1 
pH Altitude 267.33  Altitude Watershed area 179.82 
pH Latitude 220.79  Conductance QHEI 174.14 
pH QHEI 204.67  QHEI Altitude 131.42 
TDS pH 196.97  BOD5 Latitude 110.99 
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Appendix S3.2 (Continued) 
#Dip  PctTol 
Variable 1 Variable 2 
Interaction 
size  
Variable 1 Variable 2 
Interaction 
size 
P Watershed area 404.47  BOD5 QHEI 2325.66 
pH Watershed area 346.7  P pH 2085.27 
Hardness pH 217.54  Conductance QHEI 1542.69 
QHEI Slope 125.76  QHEI Latitude 1356.59 
pH Latitude 107.83  N QHEI 730.53 
Latitude Watershed area 106.35  QHEI Longitude 602.58 
Conductance Hardness 101.2  P N 563.54 
Altitude Latitude 84.88  P Longitude 378.74 
Hardness Altitude 83.59  pH Latitude 334.66 
pH BOD5 75.93  pH QHEI 294.11 
QHEI Longitude 64.68  P QHEI 290.72 
QHEI Altitude 63.6  N pH 240.04 
QHEI Latitude 54.32  Conductance N 238.22 
 
 
 
 
 
 
 
 
 
Appendix S3.3 (next page) 
 Interactions plots for the 4 main pairs of predictors interacting in the best 
model for each of the ICI component metrics. The black and blue lines show 
the responses of the component metric to a particular predictor for given 
values of a second predictor. The values for the second predictor correspond 
to the 5th and 95th percentiles of its distribution. The deciles of the X-axis 
predictor's distribution are represented by the tickmarks at the bottom of the 
plot.  
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Appendix S4.1.1 Taxonomic information and abundance data of the 406 taxa included 
in Chapter 4. The level of detail of the trait information and the trait profile for each 
taxa are provided in Appendix S4.1.2. Coding of the trait modalities is provided in 
Table 4.2. 
 
Taxa 
Code 
Species Genus Family Order 
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11001   Baetidae Ephemeroptera 5 64 0.1 
11014 Acentrella turbida Acentrella Baetidae Ephemeroptera 14 360 0.6 
11015  Acerpenna Baetidae Ephemeroptera 2 5 0.0 
11018 Acerpenna 
macdunnoughi 
Acerpenna Baetidae Ephemeroptera 
24 507 0.8 
11020 Acerpenna pygmaea Acerpenna Baetidae Ephemeroptera 129 8329 13.7 
11101  Plauditus Baetidae Ephemeroptera 3 25 0.0 
11110 Acentrella parvula Acentrella Baetidae Ephemeroptera 15 153 0.3 
11115 Baetis tricaudatus Baetis Baetidae Ephemeroptera 13 504 0.8 
11118 Plauditus dubius Plauditus Baetidae Ephemeroptera 1 56 0.1 
11119  Plauditus Baetidae Ephemeroptera 37 2530 4.2 
11120 Baetis flavistriga Baetis Baetidae Ephemeroptera 248 14795 24.3 
11121  Pseudocloeon Baetidae Ephemeroptera 1 16 0.0 
11123 Pseudocloeon 
dardanum 
Pseudocloeon Baetidae Ephemeroptera 
1 1 0.0 
11125 Pseudocloeon 
frondale 
Pseudocloeon Baetidae Ephemeroptera 
6 7 0.0 
11130 Baetis intercalaris Baetis Baetidae Ephemeroptera 428 102657 168.6 
11150 Pseudocloeon 
propinquum 
Pseudocloeon Baetidae Ephemeroptera 
6 43 0.1 
11155 Iswaeon anoka  Baetidae Ephemeroptera 14 275 0.5 
11200  Callibaetis Baetidae Ephemeroptera 4 26 0.0 
11245  Centroptilum Baetidae Ephemeroptera 1 1 0.0 
11250  Centroptilum Baetidae Ephemeroptera 1 1 0.0 
11251  Centroptilum Baetidae Ephemeroptera 2 12 0.0 
11295 Cloeon dipterum Cloeon Baetidae Ephemeroptera 1 1 0.0 
11430 Diphetor hageni Diphetor Baetidae Ephemeroptera 49 1467 2.4 
11503  Heterocloeon Baetidae Ephemeroptera 6 346 0.6 
11600 Paracloeodes fleeki Paracloeodes Baetidae Ephemeroptera 2 31 0.1 
11620 Paracloeodes 
minutus 
Paracloeodes Baetidae Ephemeroptera 
1 8 0.0 
11625  Paracloeodes Baetidae Ephemeroptera 2 2 0.0 
11645  Procloeon Baetidae Ephemeroptera 2 18 0.0 
11650  Procloeon Baetidae Ephemeroptera 45 345 0.6 
11651  Procloeon Baetidae Ephemeroptera 69 803 1.3 
11670 Procloeon 
viridoculare 
Procloeon Baetidae Ephemeroptera 1 2 0.0 
12200  Isonychia Isonychiidae Ephemeroptera 309 23018 37.8 
12501   Heptageniidae Ephemeroptera 4 28 0.0 
12900  Heptagenia Heptageniidae Ephemeroptera 2 7 0.0 
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Appendix S4.1.1 (Continued) 
Taxa 
Code 
Species Genus Family Order 
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12956 Heptagenia 
marginalis 
Heptagenia Heptageniidae Ephemeroptera 5 67 0.1 
13000  Leucrocuta Heptageniidae Ephemeroptera 172 4606 7.6 
13100  Nixe Heptageniidae Ephemeroptera 7 52 0.1 
13400  Stenacron Heptageniidae Ephemeroptera 432 45187 74.2 
13500  Maccaffertium Heptageniidae Ephemeroptera 3 61 0.1 
13510 Maccaffertium 
exiguum 
Maccaffertium Heptageniidae Ephemeroptera 136 14646 24.0 
13521 Stenonema 
femoratum 
Stenonema Heptageniidae Ephemeroptera 255 8355 13.7 
13530 Maccaffertium 
ithaca 
Maccaffertium Heptageniidae Ephemeroptera 1 32 0.1 
13540 Maccaffertium 
mediopunctatum 
Maccaffertium Heptageniidae Ephemeroptera 67 7760 12.7 
13550 Maccaffertium 
mexicanum 
integrum 
Maccaffertium Heptageniidae Ephemeroptera 39 1823 3.0 
13555 Maccaffertium 
modestum 
Maccaffertium Heptageniidae Ephemeroptera 1 29 0.0 
13560 Maccaffertium 
pulchellum group 
Maccaffertium Heptageniidae Ephemeroptera 2 205 0.3 
13561 Maccaffertium 
pulchellum 
Maccaffertium Heptageniidae Ephemeroptera 302 59830 98.2 
13570 Maccaffertium 
terminatum 
Maccaffertium Heptageniidae Ephemeroptera 121 9248 15.2 
13590 Maccaffertium 
vicarium 
Maccaffertium Heptageniidae Ephemeroptera 157 8469 13.9 
14501   Leptophlebiidae Ephemeroptera 2 17 0.0 
14900  Leptophlebia Leptophlebiidae Ephemeroptera 2 15 0.0 
14950  Leptophlebia Leptophlebiidae Ephemeroptera 101 5956 9.8 
15000  Paraleptophlebia Leptophlebiidae Ephemeroptera 8 75 0.1 
15501   Ephemerellidae Ephemeroptera 28 624 1.0 
15585 Dannella simplex Dannella Ephemerellidae Ephemeroptera 1 1 0.0 
15600  Ephemerella Ephemerellidae Ephemeroptera 1 32 0.1 
16200  Eurylophella Ephemerellidae Ephemeroptera 32 190 0.3 
16300  Serratella Ephemerellidae Ephemeroptera 2 130 0.2 
16324 Serratella deficiens Serratella Ephemerellidae Ephemeroptera 53 4476 7.3 
16700  Tricorythodes Leptohyphidae Ephemeroptera 299 48750 80.0 
17200  Caenis Caenidae Ephemeroptera 381 23010 37.8 
17600  Baetisca Baetiscidae Ephemeroptera 1 1 0.0 
18100  Anthopotamus Potamanthidae Ephemeroptera 9 24 0.0 
18501   Ephemeridae Ephemeroptera 1 1 0.0 
18600  Ephemera Ephemeridae Ephemeroptera 28 87 0.1 
18700  Hexagenia Ephemeridae Ephemeroptera 3 3 0.0 
18750 Hexagenia limbata Hexagenia Ephemeridae Ephemeroptera 1 2 0.0 
21001   Calopterygidae Odonata 6 40 0.1 
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21200  Calopteryx Calopterygidae Odonata 153 1062 1.7 
21300  Hetaerina Calopterygidae Odonata 43 223 0.4 
22001   Coenagrionidae Odonata 55 453 0.7 
22300  Argia Coenagrionidae Odonata 323 6101 10.0 
23600  Aeshna Aeshnidae Odonata 2 2 0.0 
23804 Basiaeschna janata Basiaeschna Aeshnidae Odonata 1 1 0.0 
23905 Boyeria grafiana Boyeria Aeshnidae Odonata 3 4 0.0 
23909 Boyeria vinosa Boyeria Aeshnidae Odonata 60 95 0.2 
24501   Gomphidae Odonata 3 3 0.0 
24900  Gomphus Gomphidae Odonata 5 23 0.0 
25300  Ophiogomphus Gomphidae Odonata 2 2 0.0 
25510 Stylogomphus 
albistylus 
Stylogomphus Gomphidae Odonata 1 1 0.0 
26600 Didymops 
transversa 
Didymops Corduliidae Odonata 1 1 0.0 
26700  Macromia Corduliidae Odonata 5 5 0.0 
27400  Neurocordulia Corduliidae Odonata 1 1 0.0 
27404 Neurocordulia 
molesta 
Neurocordulia Corduliidae Odonata 3 6 0.0 
30800  Pteronarcys Pteronarcyidae Plecoptera 6 8 0.0 
33001   Leuctridae Plecoptera 1 4 0.0 
33100  Leuctra Leuctridae Plecoptera 7 20 0.0 
34001   Perlidae Plecoptera 2 12 0.0 
34100  Acroneuria Perlidae Plecoptera 2 5 0.0 
34120 Acroneuria 
carolinensis 
Acroneuria Perlidae Plecoptera 7 11 0.0 
34130 Acroneuria frisoni Acroneuria Perlidae Plecoptera 59 401 0.7 
34140 Acroneuria internata Acroneuria Perlidae Plecoptera 8 63 0.1 
34150 Acroneuria lycorias Acroneuria Perlidae Plecoptera 10 74 0.1 
34200 Eccoptura xanthenes Eccoptura Perlidae Plecoptera 2 2 0.0 
34300 Neoperla clymene 
complex 
Neoperla Perlidae Plecoptera 2 4 0.0 
34410 Paragnetina media Paragnetina Perlidae Plecoptera 6 103 0.2 
34700 Agnetina capitata 
complex 
Agnetina Perlidae Plecoptera 39 282 0.5 
34715 Agnetina flavescens Agnetina Perlidae Plecoptera 10 76 0.1 
35001   Perlodidae Plecoptera 2 3 0.0 
35500  Isoperla Perlodidae Plecoptera 1 2 0.0 
35560 Isoperla similis Isoperla Perlodidae Plecoptera 1 8 0.0 
36001   Chloroperlidae Plecoptera 1 2 0.0 
44501   Corixidae Hemiptera 1 2 0.0 
45100   Corixidae Hemiptera 1 1 0.0 
45300   Corixidae Hemiptera 1 1 0.0 
45400   Corixidae Hemiptera 1 3 0.0 
47600  Sialis Sialidae Megaloptera 69 167 0.3 
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48200  Chauliodes Corydalidae Megaloptera 1 1 0.0 
48410 Corydalus cornutus Corydalus Corydalidae Megaloptera 128 658 1.1 
48600  Nigronia Corydalidae Megaloptera 1 1 0.0 
48610 Nigronia fasciatus Nigronia Corydalidae Megaloptera 2 2 0.0 
48620 Nigronia serricornis Nigronia Corydalidae Megaloptera 56 134 0.2 
49101   Sisyridae Neuroptera 1 1 0.0 
49200  Climacia Sisyridae Neuroptera 1 1 0.0 
50301 Chimarra aterrima Chimarra Philopotamidae Trichoptera 37 422 0.7 
50315 Chimarra obscura Chimarra Philopotamidae Trichoptera 223 18447 30.3 
50410 Dolophilodes 
distinctus 
 Philopotamidae Trichoptera 1 2 0.0 
50804 Lype diversa Lype Psychomyiidae Trichoptera 57 678 1.1 
50906 Psychomyia flavida Psychomyia Psychomyiidae Trichoptera 15 214 0.4 
51001   Polycentropodidae Trichoptera 6 13 0.0 
51100   Polycentropodidae Trichoptera 2 2 0.0 
51206 Cyrnellus fraternus Cyrnellus Polycentropodidae Trichoptera 38 2248 3.7 
51300  Neureclipsis Polycentropodidae Trichoptera 66 1637 2.7 
51400  Nyctiophylax Polycentropodidae Trichoptera 26 99 0.2 
51600  Polycentropus Polycentropodidae Trichoptera 84 1230 2.0 
52001   Hydropsychidae Trichoptera 4 36 0.1 
52200  Cheumatopsyche Hydropsychidae Trichoptera 547 298761 490.6 
52315 Diplectrona modesta Diplectrona Hydropsychidae Trichoptera 4 24 0.0 
52430 Ceratopsyche 
morosa group 
Ceratopsyche Hydropsychidae Trichoptera 354 95807 157.3 
52431 Ceratopsyche 
morosa 
Ceratopsyche Hydropsychidae Trichoptera 3 1800 3.0 
52440 Ceratopsyche 
slossonae 
Ceratopsyche Hydropsychidae Trichoptera 44 4316 7.1 
52450 Ceratopsyche sparna Ceratopsyche Hydropsychidae Trichoptera 36 1859 3.1 
52460 Ceratopsyche 
ventura 
Ceratopsyche Hydropsychidae Trichoptera 1 3 0.1 
52500  Hydropsyche Hydropsychidae Trichoptera 3 93 0.2 
52510 Hydropsyche aerata Hydropsyche Hydropsychidae Trichoptera 29 3638 6.0 
52520 Hydropsyche bidens Hydropsyche Hydropsychidae Trichoptera 25 5594 9.2 
52521  Hydropsyche Hydropsychidae Trichoptera 5 231 0.4 
52530 Hydropsyche 
depravata group 
Hydropsyche Hydropsychidae Trichoptera 205 13775 22.6 
52540 Hydropsyche 
dicantha 
Hydropsyche Hydropsychidae Trichoptera 99 5141 8.4 
52550 Hydropsyche frisoni Hydropsyche Hydropsychidae Trichoptera 37 2626 4.3 
52560 Hydropsyche orris Hydropsyche Hydropsychidae Trichoptera 28 7992 13.1 
52570 Hydropsyche 
simulans 
Hydropsyche Hydropsychidae Trichoptera 75 9256 15.2 
52580 Hydropsyche 
valanis 
Hydropsyche Hydropsychidae Trichoptera 6 1027 1.7 
52590 Hydropsyche 
venularis 
Hydropsyche Hydropsychidae Trichoptera 21 710 1.2 
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52620 Macrostemum 
zebratum 
Macrostemum Hydropsychidae Trichoptera 25 2329 3.8 
52801 Potamyia flava Potamyia Hydropsychidae Trichoptera 20 3036 5.0 
53300  Glossosoma Glossosomatidae Trichoptera 1 1 0.0 
53400  Protoptila Glossosomatidae Trichoptera 13 104 0.2 
53501   Hydroptilidae Trichoptera 34 270 0.4 
53800  Hydroptila Hydroptilidae Trichoptera 252 13861 22.8 
54000 Leucotrichia 
pictipes 
Leucotrichia Hydroptilidae Trichoptera 2 10 0.0 
54100  Neotrichia Hydroptilidae Trichoptera 8 33 0.1 
54160  Ochrotrichia Hydroptilidae Trichoptera 18 181 0.3 
54200  Orthotrichia Hydroptilidae Trichoptera 2 13 0.0 
54300  Oxyethira Hydroptilidae Trichoptera 4 30 0.0 
55520 Brachycentrus 
numerosus 
Brachycentrus Brachycentridae Trichoptera 4 38 0.1 
56650 Goera stylata Goera Goeridae Trichoptera 1 1 0.0 
57400  Neophylax Uenoidae Trichoptera 1 1 0.0 
57900  Pycnopsyche Limnephilidae Trichoptera 23 45 0.1 
58505 Helicopsyche 
borealis 
Helicopsyche Helicopsychidae Trichoptera 60 443 0.7 
59001   Leptoceridae Trichoptera 15 129 0.2 
59100  Ceraclea Leptoceridae Trichoptera 8 39 0.1 
59110 Ceraclea ancylus Ceraclea Leptoceridae Trichoptera 1 1 0.0 
59140 Ceraclea maculata Ceraclea Leptoceridae Trichoptera 10 61 0.1 
59160 Ceraclea 
spongillovorax 
Ceraclea Leptoceridae Trichoptera 5 47 0.1 
59300  Mystacides Leptoceridae Trichoptera 8 30 0.0 
59310 Mystacides 
sepulchralis 
Mystacides Leptoceridae Trichoptera 6 17 0.0 
59400  Nectopsyche Leptoceridae Trichoptera 3 10 0.0 
59407 Nectopsyche 
candida 
Nectopsyche Leptoceridae Trichoptera 5 13 0.0 
59410 Nectopsyche diarina Nectopsyche Leptoceridae Trichoptera 8 13 0.0 
59500  Oecetis Leptoceridae Trichoptera 65 608 1.0 
59510 Oecetis avara Oecetis Leptoceridae Trichoptera 30 532 0.9 
59520 Oecetis cinerascens Oecetis Leptoceridae Trichoptera 1 10 0.0 
59570 Oecetis nocturna Oecetis Leptoceridae Trichoptera 9 18 0.0 
59580 Oecetis persimilis Oecetis Leptoceridae Trichoptera 61 837 1.4 
59728 Triaenodes 
marginatus 
Triaenodes Leptoceridae Trichoptera 1 16 0.0 
59970   Pyralidae Lepidoptera 64 1889 3.1 
60900  Peltodytes Haliplidae Coleoptera 3 5 0.0 
63300   Dityscidae Coleoptera 2 2 0.0 
68025  Ectopria Psephenidae Coleoptera 11 30 0.0 
68075 Psephenus herricki Psephenus Psephenidae Coleoptera 79 507 0.8 
68130  Helichus Dryopidae Coleoptera 89 243 0.4 
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68501   Elmidae Coleoptera 1 8 0.0 
68601 Ancyronyx 
variegata 
Ancyronyx Elmidae Coleoptera 173 1329 2.2 
68700  Dubiraphia Elmidae Coleoptera 46 478 0.8 
68702 Dubiraphia bivittata Dubiraphia Elmidae Coleoptera 8 61 0.1 
68707 Dubiraphia 
quadrinotata 
Dubiraphia Elmidae Coleoptera 10 297 0.5 
68708 Dubiraphia vittata 
group 
Dubiraphia Elmidae Coleoptera 132 1303 2.1 
68901 Macronychus 
glabratus 
Macronychus Elmidae Coleoptera 438 9173 15.1 
69200  Optioservus Elmidae Coleoptera 9 62 0.1 
69210 Optioservus 
ampliatus 
Optioservus Elmidae Coleoptera 5 70 0.1 
69225 Optioservus 
fastiditus 
Optioservus Elmidae Coleoptera 18 438 0.7 
69250 Optioservus ovalis Optioservus Elmidae Coleoptera 1 1 0.0 
69275 Optioservus 
trivittatus 
Optioservus Elmidae Coleoptera 7 38 0.1 
69400  Stenelmis Elmidae Coleoptera 412 14563 23.9 
69420 Stenelmis sexlineata Stenelmis Elmidae Coleoptera 19 741 1.2 
70501   Tipulidae Diptera 1 8 0.0 
70502   Tipulidae Diptera 2 5 0.0 
70600  Antocha Tipulidae Diptera 83 1863 3.1 
70700  Dicranota Tipulidae Diptera 1 1 0.0 
71100  Hexatoma Tipulidae Diptera 15 40 0.1 
71300  Limonia Tipulidae Diptera 12 38 0.1 
71400  Molophilus Tipulidae Diptera 1 8 0.0 
71700  Pilaria Tipulidae Diptera 3 12 0.0 
71800  Pseudolimnophila Tipulidae Diptera 1 4 0.0 
71900  Tipula Tipulidae Diptera 37 59 0.1 
71910 Tipula abdominalis Tipula Tipulidae Diptera 14 71 0.1 
72101   Psychodidae Diptera 1 4 0.0 
72110   Psychodidae Diptera 1 4 0.0 
72150  Pericoma Psychodidae Diptera 1 1 0.0 
72160   Psychodidae Diptera 2 20 0.0 
74100  Simulium Simuliidae Diptera 193 11855 19.5 
74501   Ceratopogonidae Diptera 105 1290 2.1 
74650  Atrichopogon Ceratopogonidae Diptera 18 483 0.8 
74673 Atrichopogon 
websteri 
Atrichopogon Ceratopogonidae Diptera 7 781 1.3 
77001   Chironomidae Diptera 2 40 0.1 
77100  Ablabesmyia Chironomidae Diptera 3 43 0.1 
77115 Ablabesmyia janta Ablabesmyia Chironomidae Diptera 19 302 0.5 
77120 Ablabesmyia 
mallochi 
Ablabesmyia Chironomidae Diptera 151 3617 5.9 
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77130 Ablabesmyia 
rhamphe group 
Ablabesmyia Chironomidae Diptera 20 1285 2.1 
77140 Ablabesmyia 
peleensis 
Ablabesmyia Chironomidae Diptera 1 36 0.1 
77250 Alotanypus venustus Alotanypus Chironomidae Diptera 1 6 0.0 
77355 Clinotanypus 
pinguis 
Clinotanypus Chironomidae Diptera 2 10 0.0 
77500  Conchapelopia Chironomidae Diptera 423 34359 56.4 
77740 Hayesomyia senata Hayesomyia Chironomidae Diptera 20 5810 9.5 
77750  Hayesomyia Chironomidae Diptera 311 29339 48.2 
77800   Chironomidae Diptera 268 14155 23.2 
78100  Labrundinia Chironomidae Diptera 1 2 0.0 
78101 Labrundinia becki Labrundinia Chironomidae Diptera 1 4 0.0 
78120 Labrundinia 
maculata 
Labrundinia Chironomidae Diptera 2 21 0.0 
78130 Labrundinia 
neopilosella 
Labrundinia Chironomidae Diptera 1 9 0.0 
78140 Labrundinia 
pilosella 
Labrundinia Chironomidae Diptera 91 1662 2.7 
78200  Larsia Chironomidae Diptera 7 153 0.3 
78350   Chironomidae Diptera 25 712 1.2 
78400  Natarsia Chironomidae Diptera 3 61 0.1 
78401 Natarsia species A 
(sensu Roback, 
1978) 
 Chironomidae Diptera 14 405 0.7 
78402 Natarsia baltimoreus Natarsia Chironomidae Diptera 1 15 0.0 
78450 Nilotanypus 
fimbriatus 
Nilotanypus Chironomidae Diptera 332 14441 23.7 
78500 Paramerina fragilis Paramerina Chironomidae Diptera 4 22 0.0 
78599  Pentaneura Chironomidae Diptera 1 18 0.0 
78600 Pentaneura 
inconspicua 
Pentaneura Chironomidae Diptera 23 987 1.6 
78601  Pentaneura Chironomidae Diptera 4 26 0.0 
78655  Procladius Chironomidae Diptera 20 175 0.3 
78680 Procladius 
(Psilotanypus) 
bellus 
Procladius Chironomidae Diptera 1 11 0.0 
78740 Rheopelopia acra Rheopelopia Chironomidae Diptera 1 1 0.0 
78750 Rheopelopia 
paramaculipennis 
Rheopelopia Chironomidae Diptera 55 5589 9.2 
79085 Telopelopia okoboji Telopelopia Chironomidae Diptera 11 347 0.6 
79100  Thienemannimyia Chironomidae Diptera 10 351 0.6 
79210 Thienemannimyia 
norena 
Thienemannimyia Chironomidae Diptera 2 110 0.2 
79300 Trissopelopia 
ogemawi 
Trissopelopia Chironomidae Diptera 1 7 0.0 
79400  Zavrelimyia Chironomidae Diptera 19 381 0.6 
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79775 Potthastia 
longimanus 
Potthastia Chironomidae Diptera 1 13 0.0 
80001   Chironomidae Diptera 1 7 0.0 
80204 Brillia flavifrons 
group 
Brillia Chironomidae Diptera 18 268 0.4 
80310 Cardiocladius 
obscurus 
Cardiocladius Chironomidae Diptera 27 2339 3.8 
80350  Corynoneura Chironomidae Diptera 4 47 0.1 
80351  Corynoneura Chironomidae Diptera 67 1255 2.1 
80358  Corynoneura Chironomidae Diptera 1 2 0.0 
80360 Corynoneura 
celeripes (sensu 
Simpson & Bode, 
1980) 
Corynoneura Chironomidae Diptera 99 2223 3.7 
80363  Corynoneura Chironomidae Diptera 4 40 0.1 
80370 Corynoneura lobata Corynoneura Chironomidae Diptera 434 35119 57.7 
80400  Cricotopus Chironomidae Diptera 2 16 0.0 
80410  Cricotopus Chironomidae Diptera 188 12754 20.9 
80411  Cricotopus Chironomidae Diptera 3 51 0.1 
80415 Cricotopus 
(Isocladius) 
absurdus 
Cricotopus Chironomidae Diptera 2 20 0.0 
80420 Cricotopus (C.) 
bicinctus 
Cricotopus Chironomidae Diptera 137 20809 34.2 
80427 Cricotopus (C.) 
politus 
Cricotopus Chironomidae Diptera 12 498 0.8 
80430 Cricotopus (C.) 
tremulus group 
Cricotopus Chironomidae Diptera 122 10430 17.1 
80440 Cricotopus (C.) 
trifascia 
Cricotopus Chironomidae Diptera 19 1453 2.4 
80470   Chironomidae Diptera 3 97 0.2 
80490 Cricotopus 
(Isocladius) 
intersectus group 
Cricotopus Chironomidae Diptera 1 16 0.0 
80500  Cricotopus Chironomidae Diptera 1 5 0.0 
80510 Cricotopus 
(Isocladius) 
sylvestris group 
Cricotopus Chironomidae Diptera 7 227 0.4 
80700  Eukiefferiella Chironomidae Diptera 2 58 0.1 
80710 Eukiefferiella 
brehmi group 
Eukiefferiella Chironomidae Diptera 5 218 0.4 
80720 Eukiefferiella 
brevicalcar group 
Eukiefferiella Chironomidae Diptera 7 566 0.9 
80740 Eukiefferiella 
claripennis group 
Eukiefferiella Chironomidae Diptera 1 35 0.1 
80750 Eukiefferiella 
devonica group 
Eukiefferiella Chironomidae Diptera 4 192 0.3 
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80850 Heterotrissocladius 
marcidus 
Heterotrissocladius Chironomidae Diptera 1 6 0.0 
80870   Chironomidae Diptera 2 16 0.0 
81040   Chironomidae Diptera 3 5 0.0 
81200  Nanocladius Chironomidae Diptera 5 83 0.1 
81201  Nanocladius Chironomidae Diptera 5 103 0.2 
81229 Nanocladius (N.) 
crassicornus 
Nanocladius Chironomidae Diptera 7 627 1.0 
81231  Nanocladius Chironomidae Diptera 186 6957 11.4 
81240 Nanocladius (N.) 
distinctus 
Nanocladius Chironomidae Diptera 54 3707 6.1 
81250 Nanocladius (N.) 
minimus 
Nanocladius Chironomidae Diptera 32 2499 4.1 
81259 Nanocladius (N.) 
rectinervis (sensu 
Simpson and Bode, 
1980) 
Nanocladius Chironomidae Diptera 3 222 0.4 
81270 Nanocladius (N.) 
spiniplenus 
Nanocladius Chironomidae Diptera 67 1573 2.6 
81280 Nanocladius 
(Plecopteracoluthus) 
downesi 
Nanocladius Chironomidae Diptera 6 65 0.1 
81400  Orthocladius Chironomidae Diptera 2 13 0.0 
81460  Orthocladius Chironomidae Diptera 5 356 0.6 
81465 Orthocladius (O.) 
carlatus 
Orthocladius Chironomidae Diptera 12 483 0.8 
81631   Chironomidae Diptera 13 418 0.7 
81632   Chironomidae Diptera 26 936 1.5 
81650   Chironomidae Diptera 126 8272 13.6 
81690   Chironomidae Diptera 34 1705 2.8 
81700  Psectrocladius Chironomidae Diptera 1 11 0.0 
81712  Psectrocladius Chironomidae Diptera 1 21 0.0 
81770   Chironomidae Diptera 2 28 0.0 
81825 Rheocricotopus 
(Psilocricotopus) 
robacki 
Rheocricotopus Chironomidae Diptera 199 19772 32.5 
82070 Synorthocladius 
semivirens 
Synorthocladius Chironomidae Diptera 6 279 0.5 
82100  Thienemanniella Chironomidae Diptera 6 38 0.1 
82101 Thienemanniella 
taurocapita 
Thienemanniella Chironomidae Diptera 153 7080 11.6 
82102 Thienemanniella 
boltoni 
Thienemanniella Chironomidae Diptera 1 4 0.0 
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82121 Thienemanniella 
lobapodema 
Thienemanniella Chironomidae Diptera 157 4681 7.7 
82130 Thienemanniella 
similis 
Thienemanniella Chironomidae Diptera 28 1097 1.8 
82141 Thienemanniella 
xena 
Thienemanniella Chironomidae Diptera 216 8227 13.5 
82200 Tvetenia bavarica 
group 
Tvetenia Chironomidae Diptera 55 4522 7.4 
82220 Tvetenia 
discoloripes group 
Tvetenia Chironomidae Diptera 80 7610 12.5 
82700  Chironomus Chironomidae Diptera 4 71 0.1 
82710  Chironomus Chironomidae Diptera 11 250 0.4 
82730 Chironomus (C.) 
decorus group 
Chironomus Chironomidae Diptera 59 2910 4.8 
82770 Chironomus (C.) 
riparius group 
Chironomus Chironomidae Diptera 3 262 0.4 
82820  Cryptochironomus Chironomidae Diptera 73 1263 2.1 
82880  Cryptotendipes Chironomidae Diptera 1 24 0.0 
82881  Cryptotendipes Chironomidae Diptera 1 6 0.0 
82885 Cryptotendipes 
pseudotener 
Cryptotendipes Chironomidae Diptera 5 127 0.2 
83000  Dicrotendipes Chironomidae Diptera 5 44 0.1 
83002 Dicrotendipes 
modestus 
Dicrotendipes Chironomidae Diptera 12 2124 3.5 
83003 Dicrotendipes 
fumidus 
Dicrotendipes Chironomidae Diptera 14 875 1.4 
83040 Dicrotendipes 
neomodestus 
Dicrotendipes Chironomidae Diptera 271 27382 45.0 
83045 Dicrotendipes 
nervosus 
Dicrotendipes Chironomidae Diptera 3 1744 2.9 
83050 Dicrotendipes 
lucifer 
Dicrotendipes Chironomidae Diptera 19 1370 2.2 
83051 Dicrotendipes 
simpsoni 
Dicrotendipes Chironomidae Diptera 38 5689 9.3 
83055 Dicrotendipes 
tritomus 
Dicrotendipes Chironomidae Diptera 1 26 0.0 
83158 Endochironomus 
nigricans 
Endochironomus Chironomidae Diptera 16 383 0.6 
83300  Glyptotendipes Chironomidae Diptera 115 49183 80.8 
83310 Glyptotendipes 
(Heynotendipes) 
amplus 
Glyptotendipes Chironomidae Diptera 23 1377 2.3 
83410 Harnischia 
curtilamellata 
Harnischia Chironomidae Diptera 2 17 0.0 
83590  Kiefferulus Chironomidae Diptera 2 39 0.1 
83700  Microchironomus Chironomidae Diptera 1 20 0.0 
83800  Microtendipes Chironomidae Diptera 1 21 0.0 
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83820 Microtendipes 
caelum (sensu 
Simpson & Bode, 
1980) 
Microtendipes Chironomidae Diptera 100 3123 5.1 
83840 Microtendipes 
pedellus group 
Microtendipes Chironomidae Diptera 191 13109 21.5 
83860 Microtendipes 
rydalensis 
Microtendipes Chironomidae Diptera 5 598 1.0 
83900  Nilothauma Chironomidae Diptera 43 1206 2.0 
84000  Parachironomus Chironomidae Diptera 15 211 0.3 
84010 Parachironomus 
abortivus (sensu 
Simpson & Bode, 
1980) 
Parachironomus Chironomidae Diptera 1 30 0.0 
84020 Parachironomus 
carinatus 
Parachironomus Chironomidae Diptera 25 595 1.0 
84030 Parachironomus 
directus 
Parachironomus Chironomidae Diptera 3 59 0.1 
84040 Parachironomus 
frequens 
Parachironomus Chironomidae Diptera 17 722 1.2 
84060 Parachironomus 
pectinatellae 
Parachironomus Chironomidae Diptera 31 962 1.6 
84155 Paralauterborniella 
nigrohalteralis 
Paralauterborniella Chironomidae Diptera 11 116 0.2 
84200  Paratendipes Chironomidae Diptera 1 11 0.0 
84210  Paratendipes Chironomidae Diptera 190 12451 20.4 
84280   Chironomidae Diptera 1 1 0.0 
84300 Phaenopsectra 
obediens group 
Phaenopsectra Chironomidae Diptera 141 4995 8.2 
84302 Phaenopsectra 
punctipes 
Phaenopsectra Chironomidae Diptera 3 27 0.0 
84315 Phaenopsectra 
flavipes 
Phaenopsectra Chironomidae Diptera 31 792 1.3 
84410 Polypedilum 
(Pentapedilum) 
tritum var. I 
Polypedilum Chironomidae Diptera 8 1510 2.5 
84415  Polypedilum Chironomidae Diptera 2 18 0.0 
84420  Polypedilum Chironomidae Diptera 1 54 0.1 
84421  Polypedilum Chironomidae Diptera 2 228 0.4 
84430 Polypedilum (P.) 
albicorne 
Polypedilum Chironomidae Diptera 10 153 0.3 
84440 Polypedilum 
(Uresipedilum) 
aviceps 
Polypedilum Chironomidae Diptera 39 3472 5.7 
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84450 Polypedilum 
(Uresipedilum) 
flavum 
Polypedilum Chironomidae Diptera 498 168936 277.4 
84460 Polypedilum (P.) 
fallax group 
Polypedilum Chironomidae Diptera 306 11378 18.7 
84469 Polypedilum (P.) 
illinoense group 
Polypedilum Chironomidae Diptera 3 33 0.1 
84470 Polypedilum (P.) 
illinoense 
Polypedilum Chironomidae Diptera 164 8116 13.3 
84475 Polypedilum (P.) 
ophioides 
Polypedilum Chironomidae Diptera 7 685 1.1 
84480 Polypedilum (P.) 
laetum group 
Polypedilum Chironomidae Diptera 4 67 0.1 
84490 Polypedilum 
(Cerobregma) 
ontario 
Polypedilum Chironomidae Diptera 15 311 0.5 
84500 Polypedilum (P.) 
trigonus 
Polypedilum Chironomidae Diptera 1 2 0.0 
84520 Polypedilum 
(Tripodura) halterale 
group 
Polypedilum Chironomidae Diptera 20 600 1.0 
84540 Polypedilum 
(Tripodura) 
scalaenum group 
Polypedilum Chironomidae Diptera 246 16898 27.7 
84601 Saetheria species 1 
(sensu Jackson, 
1977) 
Saetheria Chironomidae Diptera 4 22 0.0 
84700  Stenochironomus Chironomidae Diptera 40 1106 1.8 
84750  Stictochironomus Chironomidae Diptera 9 163 0.3 
84790 Tribelos fuscicorne Tribelos Chironomidae Diptera 35 1024 1.7 
84800 Tribelos jucundum Tribelos Chironomidae Diptera 41 977 1.6 
84888 Xenochironomus 
xenolabis 
Xenochironomus Chironomidae Diptera 4 21 0.0 
84960  Pseudochironomus Chironomidae Diptera 15 872 1.4 
85201  Cladotanytarsus Chironomidae Diptera 12 154 0.3 
85230 Cladotanytarsus 
mancus group 
Cladotanytarsus Chironomidae Diptera 34 512 0.8 
85261  Cladotanytarsus Chironomidae Diptera 52 2550 4.2 
85263  Cladotanytarsus Chironomidae Diptera 8 139 0.2 
85264  Cladotanytarsus Chironomidae Diptera 9 291 0.5 
85265  Cladotanytarsus Chironomidae Diptera 15 421 0.7 
85400  Micropsectra Chironomidae Diptera 11 614 1.0 
85500  Paratanytarsus Chironomidae Diptera 251 18932 31.1 
85501  Paratanytarsus Chironomidae Diptera 52 5350 8.8 
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85615 Rheotanytarsus 
pellucidus 
Rheotanytarsus Chironomidae Diptera 190 19828 32.6 
85625  Rheotanytarsus Chironomidae Diptera 538 513869 843.8 
85700  Stempellina Chironomidae Diptera 1 17 0.0 
85702  Stempellina Chironomidae Diptera 1 2 0.0 
85710  Stempellinella Chironomidae Diptera 1 4 0.0 
85711 Stempellinella 
leptocelloides 
Stempellinella Chironomidae Diptera 5 29 0.0 
85720 Stempellinella 
fimbriata 
Stempellinella Chironomidae Diptera 119 3819 6.3 
85752 Sublettea coffmani Sublettea Chironomidae Diptera 71 6036 9.9 
85800  Tanytarsus Chironomidae Diptera 293 17465 28.7 
85802 Tanytarsus 
curticornis 
Tanytarsus Chironomidae Diptera 158 10484 17.2 
85803  Tanytarsus Chironomidae Diptera 1 10 0.0 
85814  Tanytarsus Chironomidae Diptera 1 280 0.5 
85815  Tanytarsus Chironomidae Diptera 3 61 0.1 
85818  Tanytarsus Chironomidae Diptera 21 834 1.4 
85819  Tanytarsus Chironomidae Diptera 3 43 0.1 
85820  Tanytarsus Chironomidae Diptera 1 51 0.1 
85821  Tanytarsus Chironomidae Diptera 487 110068 180.7 
85840 Tanytarsus sepp Tanytarsus Chironomidae Diptera 296 15518 25.5 
86401 Atherix lantha Atherix Athericidae Diptera 30 84 0.1 
87501   Empididae Diptera 5 13 0.0 
87510  Neoplasta Empididae Diptera 8 28 0.0 
87515   Empididae Diptera 3 21 0.0 
87520   Empididae Diptera 2 10 0.0 
87540  Hemerodromia Empididae Diptera 421 18119 29.8 
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Appendix S4.1.2 Level of detail of the trait information, and trait profile for each of the 
406 taxa included in Chapter 4. Coding of the trait modalities is provided in Table 4.2. 
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11001 Family 3 1 1 1 1 1 1 1 2 3 1 1 2 1 1 5 1 
11014 Genus 3 1 1 1 1 1 1 1 1 3 1 1 2 1 1 5 1 
11015 Genus 3 1 1 1 1 1 1 1 1 3 1 1 2 1 1 5 1 
11018 Genus 3 1 1 1 1 1 1 1 1 3 1 1 2 1 1 5 1 
11020 Genus 3 1 1 1 1 1 1 1 1 3 1 1 2 1 1 5 1 
11101 Family 3 1 1 1 1 1 1 1 2 3 1 1 2 1 1 5 1 
11110 Genus 3 1 1 1 1 1 1 1 1 3 1 1 2 1 1 5 1 
11115 Genus 3 1 1 1 1 1 1 1 1 3 1 1 2 1 1 5 1 
11118 Family 3 1 1 1 1 1 1 1 2 3 1 1 2 1 1 5 1 
11119 Family 3 1 1 1 1 1 1 1 2 3 1 1 2 1 1 5 1 
11120 Genus 3 1 1 1 1 1 1 1 1 3 1 1 2 1 1 5 1 
11121 Genus 3 1 1 1 1 1 1 1 2 2 1 1 2 1 1 5 1 
11123 Genus 3 1 1 1 1 1 1 1 2 2 1 1 2 1 1 5 1 
11125 Genus 3 1 1 1 1 1 1 1 2 2 1 1 2 1 1 5 1 
11130 Genus 3 1 1 1 1 1 1 1 1 3 1 1 2 1 1 5 1 
11150 Genus 3 1 1 1 1 1 1 1 2 2 1 1 2 1 1 5 1 
11155 Family 3 1 1 1 1 1 1 1 2 3 1 1 2 1 1 5 3 
11200 Genus 3 1 1 1 1 1 1 1 2 3 1 1 2 1 1 5 1 
11245 Family 3 1 1 1 1 1 1 1 2 3 1 1 2 1 1 5 1 
11250 Family 3 1 1 1 1 1 1 1 2 3 1 1 2 1 1 5 1 
11251 Family 3 1 1 1 1 1 1 1 2 3 1 1 2 1 1 5 1 
11295 Family 3 1 1 1 1 1 1 1 2 3 1 1 2 1 1 5 1 
11430 Genus 3 1 1 1 1 1 1 1 2 3 1 1 2 1 1 5 1 
11503 Genus 3 1 1 1 1 1 1 1 2 3 1 1 2 1 1 5 3 
11600 Genus 3 1 1 1 1 1 1 1 2 3 1 1 2 1 1 5 3 
11620 Genus 3 1 1 1 1 1 1 1 2 3 1 1 2 1 1 5 3 
11625 Genus 3 1 1 1 1 1 1 1 2 3 1 1 2 1 1 5 3 
11645 Family 3 1 1 1 1 1 1 1 2 3 1 1 2 1 1 5 1 
11650 Family 3 1 1 1 1 1 1 1 2 3 1 1 2 1 1 5 1 
11651 Family 3 1 1 1 1 1 1 1 2 3 1 1 2 1 1 5 1 
11670 Family 3 1 1 1 1 1 1 1 2 3 1 1 2 1 1 5 1 
12200 Genus 2 2 1 1 1 1 1 1 3 3 1 1 2 1 2 5 2 
12501 Family 2 1 2 1 1 1 1 1 2 2 1 1 2 1 2 4 3 
12900 Genus 2 1 2 1 1 1 1 1 2 2 1 1 2 1 2 4 3 
12956 Genus 2 1 2 1 1 1 1 1 2 2 1 1 2 1 2 4 3 
13000 Genus 2 1 2 1 1 1 1 1 2 2 1 1 2 1 2 4 3 
13100 Genus 2 1 2 1 1 1 1 1 2 2 1 1 2 1 1 4 3 
13400 Genus 2 1 2 1 1 1 1 1 2 2 1 1 2 1 2 4 1 
13500 Family 2 1 2 1 1 1 1 1 2 2 1 1 2 1 2 4 3 
13510 Family 2 1 2 1 1 1 1 1 2 2 1 1 2 1 2 4 3 
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13521 Family 2 1 1 2 1 1 1 1 2 2 1 1 2 1 2 4 3 
13530 Family 2 1 2 1 1 1 1 1 2 2 1 1 2 1 2 4 3 
13540 Family 2 1 2 1 1 1 1 1 2 2 1 1 2 1 2 4 3 
13550 Family 2 1 2 1 1 1 1 1 2 2 1 1 2 1 2 4 3 
13555 Family 2 1 2 1 1 1 1 1 2 2 1 1 2 1 2 4 3 
13560 Family 2 1 2 1 1 1 1 1 2 2 1 1 2 1 2 4 3 
13561 Family 2 1 2 1 1 1 1 1 2 2 1 1 2 1 2 4 3 
13570 Family 2 1 2 1 1 1 1 1 2 2 1 1 2 1 2 4 3 
13590 Family 2 1 2 1 1 1 1 1 2 2 1 1 2 1 2 4 3 
14501 Family 2 2 1 1 1 1 1 1 3 3 1 1 2 1 2 5 2 
14900 Genus 2 2 1 1 1 1 1 1 2 2 1 1 2 1 1 5 1 
14950 Genus 2 2 1 1 1 1 1 1 2 2 1 1 2 1 1 5 1 
15000 Genus 2 1 1 1 1 1 1 1 2 2 1 1 2 1 2 5 1 
15501 Family 2 2 2 1 1 1 1 1 2 2 1 1 2 2 2 4 1 
15585 Family 2 2 2 1 1 1 1 1 2 2 1 1 2 2 2 4 1 
15600 Genus 2 2 2 1 1 1 1 1 2 2 1 1 2 2 2 4 1 
16200 Genus 2 2 2 1 1 1 1 1 2 2 1 1 2 2 2 4 1 
16300 Genus 2 2 2 1 1 1 1 1 2 2 1 1 2 2 2 4 1 
16324 Genus 2 2 2 1 1 1 1 1 2 2 1 1 2 2 2 4 1 
16700 Genus 2 1 1 1 1 1 1 1 2 2 1 1 2 2 1 3 1 
17200 Genus 3 2 2 1 1 1 1 1 2 2 1 1 2 2 1 3 1 
17600 Genus 2 1 2 1 1 1 1 1 1 1 1 2 2 2 2 3 1 
18100 Genus 2 2 1 1 1 1 1 1 2 2 1 1 2 2 2 1 2 
18501 Family 1 2 1 1 1 1 1 1 2 2 1 1 2 2 2 1 1 
18600 Genus 1 2 1 1 1 1 1 1 2 2 1 1 2 2 2 1 1 
18700 Genus 1 2 1 1 1 1 1 1 2 2 1 1 2 2 2 1 1 
18750 Genus 1 2 1 1 1 1 1 1 2 2 1 1 2 2 2 1 1 
21001 Family 1 2 2 2 1 1 1 2 3 2 1 1 2 1 3 2 4 
21200 Genus 1 2 2 2 1 1 1 2 3 2 1 1 2 1 3 2 4 
21300 Genus 1 2 2 2 1 1 1 2 3 2 1 1 2 1 3 2 4 
22001 Family 2 2 2 2 1 1 1 1 3 2 1 1 1 1 2 2 4 
22300 Genus 2 2 2 2 1 1 1 1 3 2 1 1 1 1 2 4 4 
23600 Genus 1 2 2 3 1 1 2 2 3 3 1 2 2 2 3 2 4 
23804 Genus 1 2 2 3 1 1 2 2 3 3 1 2 2 2 3 2 4 
23905 Genus 1 2 2 3 1 1 2 2 3 3 1 2 2 2 3 2 4 
23909 Genus 1 2 2 3 1 1 2 2 3 3 1 2 2 2 3 2 4 
24501 Family 1 2 2 3 1 1 2 2 3 2 1 2 2 2 1 1 4 
24900 Genus 1 2 2 3 1 1 1 2 3 2 1 2 2 2 2 1 4 
25300 Genus 1 2 2 3 1 1 1 2 3 2 1 2 2 2 2 1 4 
25510 Genus 1 2 2 3 1 1 1 2 3 2 1 2 2 2 2 1 4 
26600 Genus 1 2 2 3 1 1 2 2 3 1 1 2 2 2 3 3 4 
26700 Genus 1 2 2 3 1 1 2 2 3 1 1 2 2 2 3 3 4 
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27400 Genus 1 2 2 3 1 1 2 2 3 2 1 2 2 2 2 2 4 
27404 Genus 1 2 2 3 1 1 2 2 3 2 1 2 2 2 2 2 4 
30800 Genus 1 2 2 3 1 1 2 2 3 1 1 3 2 2 3 4 5 
33001 Family 2 1 2 1 1 1 1 1 2 2 1 1 1 2 1 3 5 
33100 Genus 2 1 2 1 1 1 1 1 2 2 1 1 1 2 1 3 5 
34001 Family 2 3 1 2 1 2 2 2 3 2 1 2 2 1 3 4 4 
34100 Genus 2 2 1 2 1 1 2 2 3 2 1 2 2 1 3 4 4 
34120 Genus 2 2 1 2 1 1 2 2 3 2 1 2 2 1 3 4 4 
34130 Genus 2 2 1 2 1 1 2 2 3 2 1 2 2 1 3 4 4 
34140 Genus 2 2 1 2 1 1 2 2 3 2 1 2 2 1 3 4 4 
34150 Genus 2 2 1 2 1 1 2 2 3 2 1 2 2 1 3 4 4 
34200 Genus 2 2 2 2 1 1 2 2 3 2 1 2 2 1 3 4 4 
34300 Genus 2 2 1 2 1 1 2 2 3 2 1 2 2 1 2 4 4 
34410 Genus 1 3 1 2 1 2 2 2 3 2 1 2 2 1 2 4 4 
34700 Genus 1 2 1 2 1 1 2 2 3 2 1 2 2 1 3 4 4 
34715 Genus 1 2 1 2 1 1 2 2 3 2 1 2 2 1 3 4 4 
35001 Family 2 2 2 2 1 1 1 1 3 2 1 2 1 1 2 4 4 
35500 Genus 2 2 2 1 1 2 1 1 3 2 1 2 1 2 2 4 4 
35560 Genus 2 2 2 1 1 2 1 1 3 2 1 2 1 2 2 4 4 
36001 Family 2 2 2 2 1 1 1 1 2 2 1 1 1 2 2 4 4 
44501 Family 3 1 2 3 2 2 2 2 3 3 1 3 3 1 1 5 3 
45100 Family 3 1 2 3 2 2 2 2 3 3 1 3 3 1 1 5 3 
45300 Family 3 1 2 3 2 2 2 2 3 3 1 3 3 1 1 5 3 
45400 Family 3 1 2 3 2 2 2 2 3 3 1 3 3 1 1 5 3 
47600 Genus 2 2 2 2 1 1 1 1 3 1 1 2 1 2 2 1 4 
48200 Family 1 2 2 1 1 1 1 1 1 1 2 2 2 2 2 4 3 
48410 Genus 1 2 2 2 1 1 1 1 3 1 1 2 1 2 3 4 4 
48600 Genus 1 2 2 2 1 1 1 1 3 1 1 2 1 2 3 4 4 
48610 Genus 1 2 2 2 1 1 1 1 3 1 1 2 1 2 3 4 4 
48620 Genus 1 2 2 2 1 1 1 1 3 1 1 2 1 2 3 4 4 
49101 Family 2 2 2 2 1 1 1 1 3 1 1 2 1 2 1 2 4 
49200 Genus 2 2 2 2 1 1 1 1 3 1 1 2 1 2 1 2 4 
50301 Genus 2 2 2 2 1 1 1 1 1 1 2 1 1 2 1 4 2 
50315 Genus 2 2 2 2 1 1 1 1 1 1 2 1 1 2 1 4 2 
50410 Family 2 2 2 1 1 1 1 2 1 1 2 2 2 2 2 4 3 
50804 Genus 2 2 2 2 1 1 1 1 1 1 2 1 1 2 1 4 3 
50906 Genus 2 2 2 2 1 1 2 1 1 1 2 1 1 2 1 4 1 
51001 Family 2 2 2 2 1 1 2 1 1 1 2 1 1 2 2 4 2 
51100 Family 2 2 2 2 1 1 2 1 1 1 2 1 1 2 2 4 2 
51206 Genus 2 2 2 2 1 1 2 1 1 1 2 1 1 2 2 4 2 
51300 Genus 3 2 2 2 1 1 2 1 1 1 2 1 1 2 2 4 2 
51400 Genus 2 2 2 2 1 1 2 1 1 1 2 1 1 2 2 4 4 
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51600 Genus 2 2 2 2 1 1 2 1 1 1 2 1 1 2 2 4 4 
52001 Family 2 2 2 2 1 1 1 1 2 1 2 1 2 2 2 4 2 
52200 Genus 2 2 2 2 1 1 2 2 2 1 2 1 2 2 2 4 2 
52315 Genus 2 2 2 2 1 1 1 1 2 1 2 1 2 2 2 4 2 
52430 Genus 2 2 2 2 2 1 2 2 2 1 2 1 2 2 2 4 2 
52431 Genus 2 2 2 2 2 1 2 2 2 1 2 1 2 2 2 4 2 
52440 Genus 2 2 2 2 2 1 2 2 2 1 2 1 2 2 2 4 2 
52450 Genus 2 2 2 2 2 1 2 2 2 1 2 1 2 2 2 4 2 
52460 Genus 2 2 2 2 2 1 2 2 2 1 2 1 2 2 2 4 2 
52500 Genus 2 2 2 2 2 1 2 2 2 1 2 1 2 2 2 4 2 
52510 Genus 2 2 2 2 2 1 2 2 2 1 2 1 2 2 2 4 2 
52520 Genus 2 2 2 2 2 1 2 2 2 1 2 1 2 2 2 4 2 
52521 Genus 2 2 2 2 2 1 2 2 2 1 2 1 2 2 2 4 2 
52530 Genus 2 2 2 2 2 1 2 2 2 1 2 1 2 2 2 4 2 
52540 Genus 2 2 2 2 2 1 2 2 2 1 2 1 2 2 2 4 2 
52550 Genus 2 2 2 2 2 1 2 2 2 1 2 1 2 2 2 4 2 
52560 Genus 2 2 2 2 2 1 2 2 2 1 2 1 2 2 2 4 2 
52570 Genus 2 2 2 2 2 1 2 2 2 1 2 1 2 2 2 4 2 
52580 Genus 2 2 2 2 2 1 2 2 2 1 2 1 2 2 2 4 2 
52590 Genus 2 2 2 2 2 1 2 2 2 1 2 1 2 2 2 4 2 
52620 Genus 2 2 2 2 1 1 2 2 2 1 2 1 2 2 2 4 2 
52801 Genus 2 2 2 2 1 1 2 2 2 1 2 1 2 2 2 4 2 
53300 Genus 2 2 2 2 1 1 1 1 2 1 1 3 1 2 1 4 3 
53400 Genus 2 2 2 2 1 1 1 1 2 1 1 3 1 2 1 4 3 
53501 Family 2 2 2 1 1 1 2 1 1 1 2 2 1 2 1 4 3 
53800 Genus 2 2 2 1 1 1 2 1 1 1 2 2 2 1 1 4 3 
54000 Genus 2 2 2 1 1 1 2 1 1 1 2 2 1 1 1 4 3 
54100 Genus 2 2 2 1 1 1 2 1 1 1 2 2 1 1 1 4 3 
54160 Genus 2 2 2 1 1 1 2 1 1 1 2 2 1 1 1 4 1 
54200 Genus 2 2 2 1 1 1 2 1 1 1 2 2 1 1 1 4 3 
54300 Genus 2 2 2 1 1 1 2 1 1 1 2 2 1 1 1 2 3 
55520 Family 2 2 2 2 1 1 1 1 1 1 3 3 2 2 2 4 2 
56650 Genus 2 2 2 2 1 1 1 1 1 1 1 3 2 2 2 4 3 
57400 Genus 2 2 2 2 1 1 1 1 1 2 2 3 2 2 2 4 3 
57900 Genus 2 2 2 2 1 1 1 1 2 1 2 3 2 2 3 3 5 
58505 Family 2 2 2 2 1 2 2 1 2 1 2 3 2 2 1 4 3 
59001 Family 2 2 2 2 1 1 2 1 1 2 2 2 2 2 2 2 1 
59100 Genus 2 2 2 2 1 1 2 1 1 2 2 2 2 2 2 3 1 
59110 Genus 2 2 2 2 1 1 2 1 1 2 2 2 2 2 2 3 1 
59140 Genus 2 2 2 2 1 1 2 1 1 2 2 2 2 2 2 3 1 
59160 Genus 2 2 2 2 1 1 2 1 1 2 2 2 2 2 2 3 1 
59300 Family 2 2 2 2 1 1 2 1 1 2 2 2 2 2 2 2 1 
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59310 Family 2 2 2 2 1 1 2 1 1 2 2 2 2 2 2 2 1 
59400 Genus 2 2 2 2 1 1 2 1 1 2 2 2 2 2 2 2 3 
59407 Genus 2 2 2 2 1 1 2 1 1 2 2 2 2 2 2 2 3 
59410 Genus 2 2 2 2 1 1 2 1 1 2 2 2 2 2 2 2 3 
59500 Genus 2 2 2 2 1 1 2 1 1 2 2 2 2 2 2 4 4 
59510 Genus 2 2 2 2 1 1 2 1 1 2 2 2 2 2 2 4 4 
59520 Genus 2 2 2 2 1 1 2 1 1 2 2 2 2 2 2 4 4 
59570 Genus 2 2 2 2 1 1 2 1 1 2 2 2 2 2 2 4 4 
59580 Genus 2 2 2 2 1 1 2 1 1 2 2 2 2 2 2 4 4 
59728 Family 2 2 2 2 1 1 2 1 1 2 2 2 2 2 2 2 1 
59970 Family 2 2 2 2 1 1 1 2 1 1 2 2 1 2 1 4 2 
60900 Family 2 2 2 3 2 1 1 2 2 2 1 3 2 2 1 4 3 
63300 Family 1 2 1 3 2 1 2 2 3 3 1 3 3 1 2 5 4 
68025 Genus 1 2 2 2 1 1 1 1 1 1 2 3 2 1 2 4 3 
68075 Genus 1 2 2 2 1 1 1 1 1 1 2 2 2 1 2 4 3 
68130 Genus 1 2 1 3 1 1 1 1 1 1 1 3 3 2 1 4 3 
68501 Family 1 2 2 3 1 2 1 1 2 1 1 2 1 2 1 4 1 
68601 Family 1 2 2 3 1 2 1 1 2 1 1 2 1 2 1 4 1 
68700 Family 1 2 2 3 1 2 1 1 2 1 1 2 1 2 1 4 1 
68702 Family 1 2 2 3 1 2 1 1 2 1 1 2 1 2 1 4 1 
68707 Family 1 2 2 3 1 2 1 1 2 1 1 2 1 2 1 4 1 
68708 Family 1 2 2 3 1 2 1 1 2 1 1 2 1 2 1 4 1 
68901 Family 1 2 2 3 1 2 1 1 2 1 1 2 1 2 1 4 1 
69200 Family 1 2 2 3 1 2 1 1 2 1 1 2 1 2 1 4 1 
69210 Family 1 2 2 3 1 2 1 1 2 1 1 2 1 2 1 4 1 
69225 Family 1 2 2 3 1 2 1 1 2 1 1 2 1 2 1 4 1 
69250 Family 1 2 2 3 1 2 1 1 2 1 1 2 1 2 1 4 1 
69275 Family 1 2 2 3 1 2 1 1 2 1 1 2 1 2 1 4 1 
69400 Family 1 2 2 3 1 2 1 1 2 1 1 2 1 2 1 4 1 
69420 Family 1 2 2 3 1 2 1 1 2 1 1 2 1 2 1 4 1 
70501 Family 2 2 1 2 1 2 1 1 2 1 1 1 2 2 2 1 5 
70502 Family 2 2 1 2 1 2 1 1 2 1 1 1 2 2 2 1 5 
70600 Family 2 2 1 2 1 2 1 1 2 1 1 1 2 2 2 1 5 
70700 Family 2 2 1 2 1 2 1 1 2 1 1 1 2 2 2 1 5 
71100 Family 2 2 1 2 1 2 1 1 2 1 1 1 2 2 2 1 5 
71300 Family 2 2 1 2 1 2 1 1 2 1 1 1 2 2 2 1 5 
71400 Family 2 2 1 2 1 2 1 1 2 1 1 1 2 2 2 1 5 
71700 Family 2 2 1 2 1 2 1 1 2 1 1 1 2 2 2 1 5 
71800 Family 2 2 1 2 1 2 1 1 2 1 1 1 2 2 2 1 5 
71900 Family 2 2 1 2 1 2 1 1 2 1 1 1 2 2 2 1 5 
71910 Family 2 2 1 2 1 2 1 1 2 1 1 1 2 2 2 1 5 
72101 Family 2 1 2 1 1 1 1 1 1 1 2 2 1 2 1 1 1 
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72110 Family 2 1 2 1 1 1 1 1 1 1 2 2 1 2 1 1 1 
72150 Genus 2 1 1 1 1 1 1 1 1 1 1 2 1 2 1 1 1 
72160 Family 2 1 2 1 1 1 1 1 1 1 2 2 1 2 1 1 1 
74100 Family 3 1 2 1 1 1 1 2 2 1 2 1 1 2 1 4 2 
74501 Family 2 1 1 1 1 1 1 1 1 1 1 2 1 2 1 3 4 
74650 Family 2 1 1 1 1 1 1 1 1 1 1 2 1 2 1 3 4 
74673 Family 2 1 1 1 1 1 1 1 1 1 1 2 1 2 1 3 4 
77001 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
77100 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
77115 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
77120 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
77130 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
77140 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
77250 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
77355 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
77500 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
77740 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
77750 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
77800 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
78100 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
78101 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
78120 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
78130 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
78140 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
78200 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
78350 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
78400 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
78401 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
78402 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
78450 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
78500 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
78599 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
78600 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
78601 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
78655 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
78680 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
78740 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
78750 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
79085 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
79100 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
79210 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
79300 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
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79400 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
79775 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80001 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80204 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80310 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80350 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80351 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80358 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80360 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80363 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80370 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80400 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80410 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80411 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80415 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80420 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80427 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80430 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80440 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80470 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80490 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80500 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80510 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80700 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80710 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80720 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80740 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80750 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80850 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
80870 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
81040 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
81200 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
81201 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
81229 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
81231 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
81240 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
81250 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
81259 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
81270 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
81280 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
81400 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
81460 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
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81465 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
81631 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
81632 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
81650 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
81690 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
81700 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
81712 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
81770 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
81825 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
82070 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
82100 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
82101 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
82102 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
82121 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
82130 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
82141 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
82200 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
82220 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
82700 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
82710 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
82730 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
82770 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
82820 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
82880 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
82881 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
82885 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
83000 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
83002 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
83003 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
83040 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
83045 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
83050 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
83051 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
83055 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
83158 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
83300 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
83310 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
83410 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
83590 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
83700 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
83800 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
83820 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
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83840 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
83860 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
83900 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84000 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84010 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84020 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84030 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84040 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84060 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84155 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84200 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84210 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84280 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84300 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84302 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84315 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84410 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84415 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84420 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84421 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84430 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84440 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84450 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84460 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84469 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84470 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84475 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84480 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84490 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84500 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84520 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84540 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84601 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84700 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84750 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84790 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84800 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84888 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
84960 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
85201 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
85230 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
85261 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
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85263 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
85264 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
85265 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
85400 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
85500 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
85501 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
85615 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
85625 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
85700 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
85702 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
85710 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
85711 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
85720 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
85752 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
85800 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
85802 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
85803 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
85814 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
85815 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
85818 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
85819 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
85820 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
85821 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
85840 Family 3 1 2 1 2 1 2 1 1 1 1 1 2 2 1 1 1 
86401 Genus 2 2 2 1 1 1 1 1 2 1 1 2 1 2 2 3 4 
87501 Family 2 2 2 1 2 1 1 1 2 1 1 1 1 2 2 3 4 
87510 Family 2 2 2 1 2 1 1 1 2 1 1 1 1 2 2 3 4 
87515 Family 2 2 2 1 2 1 1 1 2 1 1 1 1 2 2 3 4 
87520 Family 2 2 2 1 2 1 1 1 2 1 1 1 1 2 2 3 4 
87540 Family 2 2 2 1 2 1 1 1 2 1 1 1 1 2 2 3 4 
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Appendix S4.2 Distribution of the trait modalities within the trait profile groups (TPG) 
and orders. Percentage of taxa within the group that express each trait modality.   
Supporting Information 
180 
 
Appendix S4.2 (Continued) 
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Appendix S4.2 (Continued) 
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Appendix S4.2 (Continued) 
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Appendix S4.3 Results of the Boosted Regression Tree models for all trait profile groups 
(TPG), all orders, and all trait modalities. The percentages provided in the table represent 
the deviation explained by each environmental factor. 
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Appendix S4.3 (Continued) 
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Appendix S4.3 (Continued) 
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Appendix S4.3 (Continued) 
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Appendix S4.3 (Continued) 
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Appendix S4.3 (Continued) 
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Appendix S4.4 
 
Dominance of the trait modalities within the trait profile groups (TPG) and orders, for the 
models with R2 > 20%. Dominance: percentage of all sampled individuals belonging to 
the group that express the trait modality. 
 
 
Dominance 
  
Ephemeroptera Odonata Plecoptera Trichoptera TPG4 TPG5 TPG7 
Univoltine 60% 81% 55% 100% 28% 100% 88% 
Slow Seasonal 14% 100% 88% 100% 3% 100% 25% 
Poorly Synchronized 54% 0% 96% 0% 100% 0% 14% 
Well Synchronized 46% 100% 4% 100% 0% 100% 86% 
Short Life 2% 98% 96% 97% 0% 100% 4% 
Low Female Dispersal 100% 99% 3% 4% 100% 0% 100% 
High Female Dispersal 0% 1% 97% 96% 0% 100% 0% 
Strong Flying 0% 19% 97% 92% 0% 99% 0% 
Adult Unable Exit 100% 100% 100% 68% 100% 66% 100% 
Low Crawling Rate 62% 0% 2% 92% 31% 99% 90% 
No Swimming 0% 0% 1% 100% 0% 99% 0% 
Weak Swimming 61% 99% 99% 0% 28% 1% 90% 
Some Attachment 0% 0% 0% 100% 0% 100% 0% 
No Armoring 100% 98% 2% 97% 100% 99% 100% 
Unable Survive Desiccation 100% 100% 90% 100% 100% 100% 100% 
Streamlined 81% 98% 96% 3% 75% 0% 86% 
Not Streamlined 19% 2% 4% 97% 25% 100% 14% 
Medium 47% 81% 10% 93% 0% 100% 88% 
Gills 100% 19% 97% 95% 100% 100% 100% 
Cling 41% 75% 98% 100% 0% 100% 78% 
Collector Filterer 6% 0% 0% 96% 0% 99% 10% 
Herbivore 29% 0% 0% 3% 0% 0% 54% 
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Appendix S4.4 
 
Specificity of the trait modalities within the trait profile groups (TPG) and orders, for the 
models with R2 > 20%. Specificity: percentage of all sampled individuals expressing the 
trait modality that belong to the group. 
 
 
Specificity 
 
Ephemeroptera Odonata Plecoptera Trichoptera TPG4 TPG5 TPG7 
Univoltine 30% 1% 0% 66% 7% 61% 24% 
Slow Seasonal 9% 1% 0% 81% 1% 75% 8% 
Poorly Synchronized 97% 0% 0% 0% 84% 0% 13% 
Well Synchronized 8% 0% 0% 24% 0% 22% 8% 
Short Life 1% 2% 0% 96% 0% 91% 1% 
Low Female Dispersal 81% 2% 0% 4% 38% 0% 43% 
High Female Dispersal 0% 0% 0% 27% 0% 26% 0% 
Strong Flying 0% 0% 0% 97% 0% 97% 0% 
Adult Unable Exit 49% 1% 0% 44% 23% 39% 26% 
Low Crawling Rate 31% 0% 0% 61% 7% 61% 24% 
No Swimming 0% 0% 0% 26% 0% 24% 0% 
Weak Swimming 95% 3% 0% 1% 21% 1% 75% 
Some Attachment 0% 0% 0% 97% 0% 90% 0% 
No Armoring 17% 0% 0% 22% 8% 21% 9% 
Unable Survive Desiccation 17% 0% 0% 22% 8% 21% 9% 
Streamlined 93% 2% 0% 4% 41% 0% 53% 
Not Streamlined 4% 0% 0% 25% 2% 24% 1% 
Medium 27% 1% 0% 69% 0% 69% 27% 
Gills 17% 0% 0% 22% 8% 21% 9% 
Cling 22% 1% 0% 71% 0% 65% 22% 
Collector Filterer 4% 0% 0% 93% 0% 89% 4% 
Herbivore 88% 0% 0% 12% 0% 0% 87% 
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Appendix S4.5 
 
Results of the BRT models for the aggregated abundances of organisms showing 
low female dispersal, weak swimming and streamlined body shape respectively, 
without including Heptageniidae.  
 
 
Low female 
dispersal 
(corrected) 
Weak 
swimming 
(corrected) 
Streamlined 
(corrected) 
Heptageniidae 
R² 24% 16% 19% 40% 
Standard error 13% 10% 15% 9% 
Number of trees 6300 5650 6400 11350 
     Physiography     
Altitude * 2.2 * 4.2 
Slope 2.3 * 1.5 2.2 
     Offstream variables     
Agriculture * 1.9 * 4.1 
Forest 1.7 * 1.4 2.3 
Urban * * * * 
Water 1.1 * 1.1 1.2 
FKF * * * 1.0 
     Instream habitat quality    
Channel * * * 3.3 
Cover * * * * 
Gradient * * * * 
Pool 1.0 * * * 
Riffle 2.9 2.1 * 2.0 
Riparian * * * * 
Substrate * * * 1.6 
     Water chemistry     
BOD5 * * * * 
COD * * * * 
Conductance * * * 3.8 
Hardness * * * * 
N * * * * 
P 3.8 2.3 2.9 3.6 
pH * * * * 
TDS 4.0 * 2.8 * 
TSS * * * 3.3 
MsPAF * * * 1.7 
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Appendix S5.1 List of the 206 macroinvertebrate species included in the study. 
The corresponding taxonomic and trait information is provided in Appendix S4.1. 
Species 
Taxa 
Code 
Ablabesmyia janta 77115 
Ablabesmyia mallochi 77120 
Ablabesmyia peleensis 77140 
Ablabesmyia rhamphe group 77130 
Acentrella parvula 11110 
Acentrella turbida 11014 
Acerpenna macdunnoughi 11018 
Acerpenna pygmaea 11020 
Acroneuria carolinensis 34120 
Acroneuria frisoni 34130 
Acroneuria internata 34140 
Acroneuria lycorias 34150 
Agnetina capitata complex 34700 
Agnetina flavescens 34715 
Alotanypus venustus 77250 
Ancyronyx variegata 68601 
Atherix lantha 86401 
Atrichopogon websteri 74673 
Baetis flavistriga 11120 
Baetis intercalaris 11130 
Baetis tricaudatus 11115 
Basiaeschna janata 23804 
Boyeria grafiana 23905 
Boyeria vinosa 23909 
Brachycentrus numerosus 55520 
Brillia flavifrons group 80204 
Cardiocladius obscurus 80310 
Ceraclea ancylus 59110 
Ceraclea maculata 59140 
Ceraclea spongillovorax 59160 
Ceratopsyche morosa 52431 
Ceratopsyche morosa group 52430 
Ceratopsyche slossonae 52440 
Ceratopsyche sparna 52450 
Ceratopsyche ventura 52460 
Chimarra aterrima 50301 
Chimarra obscura 50315 
Chironomus (C.) decorus group 82730 
Chironomus (C.) riparius group 82770 
Cladotanytarsus mancus group 85230 
Clinotanypus pinguis 77355 
Cloeon dipterum 11295 
Corydalus cornutus 48410 
Corynoneura celeripes (sensu Simpson & Bode, 1980) 80360 
Corynoneura lobata 80370 
Cricotopus (C.) bicinctus 80420 
Cricotopus (C.) politus 80427 
Cricotopus (C.) tremulus group 80430 
Cricotopus (C.) trifascia 80440 
Cricotopus (Isocladius) absurdus 80415 
Cricotopus (Isocladius) intersectus group 80490 
Cricotopus (Isocladius) sylvestris group 80510 
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Appendix S5.1 (Continued)  
Cryptotendipes pseudotener 82885 
Cyrnellus fraternus 51206 
Dannella simplex 15585 
Dicrotendipes fumidus 83003 
Dicrotendipes lucifer 83050 
Dicrotendipes modestus 83002 
Dicrotendipes neomodestus 83040 
Dicrotendipes nervosus 83045 
Dicrotendipes simpsoni 83051 
Dicrotendipes tritomus 83055 
Didymops transversa 26600 
Diphetor hageni 11430 
Diplectrona modesta 52315 
Dolophilodes distinctus 50410 
Dubiraphia bivittata 68702 
Dubiraphia quadrinotata 68707 
Dubiraphia vittata group 68708 
Eccoptura xanthenes 34200 
Endochironomus nigricans 83158 
Eukiefferiella brehmi group 80710 
Eukiefferiella brevicalcar group 80720 
Eukiefferiella claripennis group 80740 
Eukiefferiella devonica group 80750 
Glyptotendipes (Heynotendipes) amplus 83310 
Goera stylata 56650 
Harnischia curtilamellata 83410 
Hayesomyia senata 77740 
Helicopsyche borealis 58505 
Heptagenia marginalis 12956 
Heterotrissocladius marcidus 80850 
Hexagenia limbata 18750 
Hydropsyche aerata 52510 
Hydropsyche bidens 52520 
Hydropsyche depravata group 52530 
Hydropsyche dicantha 52540 
Hydropsyche frisoni 52550 
Hydropsyche orris 52560 
Hydropsyche simulans 52570 
Hydropsyche valanis 52580 
Hydropsyche venularis 52590 
Isoperla similis 35560 
Iswaeon anoka 11155 
Labrundinia becki 78101 
Labrundinia maculata 78120 
Labrundinia neopilosella 78130 
Labrundinia pilosella 78140 
Leucotrichia pictipes 54000 
Lype diversa 50804 
Maccaffertium exiguum 13510 
Maccaffertium ithaca 13530 
Maccaffertium mediopunctatum 13540 
Maccaffertium mexicanum integrum 13550 
Maccaffertium modestum 13555 
Maccaffertium pulchellum 13561 
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Appendix S5.1 (Continued)  
Maccaffertium pulchellum group 13560 
Maccaffertium terminatum 13570 
Maccaffertium vicarium 13590 
Macronychus glabratus 68901 
Macrostemum zebratum 52620 
Microtendipes caelum (sensu Simpson & Bode, 1980) 83820 
Microtendipes pedellus group 83840 
Microtendipes rydalensis 83860 
Mystacides sepulchralis 59310 
Nanocladius (N.) crassicornus 81229 
Nanocladius (N.) distinctus 81240 
Nanocladius (N.) minimus 81250 
Nanocladius (N.) rectinervis (sensu Simpson and Bode, 1980) 81259 
Nanocladius (N.) spiniplenus 81270 
Nanocladius (Plecopteracoluthus) downesi 81280 
Natarsia baltimoreus 78402 
Natarsia species A (sensu Roback, 1978) 78401 
Nectopsyche candida 59407 
Nectopsyche diarina 59410 
Neoperla clymene complex 34300 
Neurocordulia molesta 27404 
Nigronia fasciatus 48610 
Nigronia serricornis 48620 
Nilotanypus fimbriatus 78450 
Oecetis avara 59510 
Oecetis cinerascens 59520 
Oecetis nocturna 59570 
Oecetis persimilis 59580 
Optioservus ampliatus 69210 
Optioservus fastiditus 69225 
Optioservus ovalis 69250 
Optioservus trivittatus 69275 
Orthocladius (O.) carlatus 81465 
Parachironomus abortivus (sensu Simpson & Bode, 1980) 84010 
Parachironomus carinatus 84020 
Parachironomus directus 84030 
Parachironomus frequens 84040 
Parachironomus pectinatellae 84060 
Paracloeodes fleeki 11600 
Paracloeodes minutus 11620 
Paragnetina media 34410 
Paralauterborniella nigrohalteralis 84155 
Paramerina fragilis 78500 
Pentaneura inconspicua 78600 
Phaenopsectra flavipes 84315 
Phaenopsectra obediens group 84300 
Phaenopsectra punctipes 84302 
Plauditus dubius 11118 
Polypedilum (Cerobregma) ontario 84490 
Polypedilum (P.) albicorne 84430 
Polypedilum (P.) fallax group 84460 
Polypedilum (P.) illinoense 84470 
Polypedilum (P.) illinoense group 84469 
Polypedilum (P.) laetum group 84480 
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Polypedilum (P.) ophioides 84475 
Polypedilum (P.) trigonus 84500 
Polypedilum (Pentapedilum) tritum var. I 84410 
Polypedilum (Tripodura) halterale group 84520 
Polypedilum (Tripodura) scalaenum group 84540 
Polypedilum (Uresipedilum) aviceps 84440 
Polypedilum (Uresipedilum) flavum 84450 
Potamyia flava 52801 
Potthastia longimanus 79775 
Procladius (Psilotanypus) bellus 78680 
Procloeon viridoculare 11670 
Psephenus herricki 68075 
Pseudocloeon dardanum 11123 
Pseudocloeon frondale 11125 
Pseudocloeon propinquum 11150 
Psychomyia flavida 50906 
Rheocricotopus (Psilocricotopus) robacki 81825 
Rheopelopia acra 78740 
Rheopelopia paramaculipennis 78750 
Rheotanytarsus pellucidus 85615 
Saetheria species 1 (sensu Jackson, 1977) 84601 
Serratella deficiens 16324 
Stempellinella fimbriata 85720 
Stempellinella leptocelloides 85711 
Stenelmis sexlineata 69420 
Stenonema femoratum 13521 
Stylogomphus albistylus 25510 
Sublettea coffmani 85752 
Synorthocladius semivirens 82070 
Tanytarsus curticornis 85802 
Tanytarsus sepp 85840 
Telopelopia okoboji 79085 
Thienemanniella boltoni 82102 
Thienemanniella lobapodema 82121 
Thienemanniella similis 82130 
Thienemanniella taurocapita 82101 
Thienemanniella xena 82141 
Thienemannimyia norena 79210 
Tipula abdominalis 71910 
Triaenodes marginatus 59728 
Tribelos fuscicorne 84790 
Tribelos jucundum 84800 
Trissopelopia ogemawi 79300 
Tvetenia bavarica group 82200 
Tvetenia discoloripes group 82220 
Xenochironomus xenolabis 84888 
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Appendix S5.2 Overview of the 19 environmental factors. 
 Unit Mean Min 1
st 
quartile 
Median 3
rd 
quartile 
Max 
Environmental factors 
     Physiography 
Altitude m 250.2 138.9 213.0 245.1 288.0 370.5 
Average slope of the 
catchment 
feet / 
mile 
8.9 0.0 3.1 5.8 10.3 125.0 
Physical habitat quality (metrics of the Ohio-specific qualitative habitat evaluation index) 
Channel – 13.7 0.0 11.8 14.5 16.5 20.0 
Cover – 13.3 0.0 12.0 14.0 16.0 21.0 
Gradient metric – 7.9 0.0 6.0 8.0 10.0 10.0 
Pool – 8.9 0.0 7.5 9.0 11.0 12.0 
Riffle – 3.8 −1.0 2.0 4.0 6.0 8.0 
Riparian – 6.0 0.0 5.0 6.0 7.0 10.0 
Substrate – 13.7 −1.5 12.0 14.5 16.5 21.5 
     Water chemistry        
Biological oxygen demand on 
five days 
mg/L 2.5 1.0 1.0 1.0 3.3 21.0 
Chemical oxygen demand mg/L 26.8 5.0 15.0 22.0 30.0 258.0 
Specific conductance μS/cm 807.5 122.0 583.0 732.0 903.0 5060.0 
Hardness (total CaCO3 
concentration) 
mg/L 320.6 51.0 242.0 314.0 372.0 1700.0 
Total nitrogen concentration mg/L 0.9 0.1 0.5 0.7 1.0 33.5 
Total phosphorus 
concentration 
mg/L 3.6 0.0 0.1 0.2 0.4 128.0 
pH SU 7.9 3.2 7.7 7.9 8.1 9.7 
Total dissolved solids mg/L 508.4 86.0 360.0 448.0 578.0 3910.0 
Total suspended solids mg/L 62.1 2.5 12.0 26.0 62.0 1590.0 
     Toxic pressure        
 Multi-substances potentially 
affected fraction of species 
– 0.1 0.0 0.0 0.0 0.1 0.9 
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Appendix S5.3 Results of the BRT models with R2 >20% (23 species). Values in bold 
indicate the individual contributions of environmental factors of at least 4% deviation 
explained. 
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Appendix S5.3 (Continued) 
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Appendix S5.4 Correlations between the trait profile and the environmental 
response similarity of species pairs for each of the 19 environmental factors. 
Each point represents one pair of species (n=253). 
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Appendix S5.4 (Continued) 
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Appendix S5.4 (Continued) 
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Appendix S5.4 (Continued) 
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Appendix S5.4 (Continued) 
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Appendix S5.5 Correlations between the trait profile and the environmental 
response similarity for species pairs, averaged across all 19 environmental 
factors. Pairs of species belonging to the same genus (5 species of Hydropsyche, 
5 species of Maccaffertium, 2 of Acroneuria) are excluded. Each point represents 
one pair of species (n=232). 
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Appendix S6.1: Methods for the Synthesis analyses 
 
Monitoring data 
Data on fish and macroinvertebrate assemblages and corresponding 
environmental conditions were available from 609 samples obtained across Ohio. 
Here, we provide a brief description of the data we used; more details on data 
collection and processing is available in Kapo et al. (2014) and Appendix S2.1.  
Biological endpoints 
Table S6.1 presents the detail of the biological endpoints, the number of 
components for each endpoint, and the chapter or appendix where endpoint 
derivation details are provided, when relevant.  
Table S6.1 Detail of the biological endpoints along with the chapters of reference. 
Endpoint Number of components 
Details of endpoint 
components and 
derivation 
     Invertebrates   
Single species 206 Chapter 5 
Orders 10 Chapter 4 
Single traits 49 Chapter 4 
Trait-profile groups 10 Chapter 4 
ICI 1 Chapter 3 
     Fish   
Single species 128 / 
IBI 1 Chapter 2 for the IBI 
 
The fish species abundances were not used in the previous chapters, but the 
details on sampling methods can be found in Appendix S2.1. Abundance data 
was available for 128 fish species (Appendix S6.2). All abundances were log-
transformed (y = log10(n+1)) before further analyses.  
Abiotic factors 
From the database, we selected 19 environmental factors expected to affect 
macroinvertebrate communities, and assigned those factors to three categories: 
physiography (2), in-stream morphological habitat quality (7), and water 
Supporting Information 
206 
 
chemistry (10). At a given sampling site, measurements of the abiotic variables 
were conducted in the same year as the fauna sampling. The physiographical 
variables included altitude and slope, acting as surrogates for factors not included 
in the database but potentially relevant to macroinvertebrates, such as water 
temperature, oxygen availability, substrate type and current velocity. The 
physical habitat quality was described by the metrics of the Qualitative Habitat 
Evaluation Index (QHEI), which was developed by the Ohio EPA (Rankin, 
1989). Those metrics are evaluated in the field according to a standard evaluation 
sheet (Ohio EPA, 2006). The water chemistry category included biological 
oxygen demand, chemical oxygen demand, conductance, hardness, total nitrogen, 
total phosphorus, pH, total dissolved solids, total suspended solids and toxic 
pressure. Toxic pressure of toxicant mixtures was expressed as the multi-
substance Potentially Affected Fraction of species (msPAF) and was derived 
from environmental concentrations combined with toxicity data of multiple 
chemicals following De Zwart and Posthuma (2005). Chemicals included 13 
industrial substances (metals and ammonia), seven household substances, and 49 
pharmaceuticals including synthetic estrogens. More details about the toxic 
pressure derivation are available in Appendix S2.1.  
Quantifying environmental responses 
We linked the log-transformed abundances (of individuals from a given 
species, from a given order, sharing a single trait or belonging to a trait-profile 
group), integrity index scores, and integrity index submetric values, to our set of 
19 environmental factors with Boosted Regression Trees (BRT), hence building 
a total of 405 models. BRT constitute a non-parametric regression-based 
modelling technique that allows for disentangling the individual effects of 
explanatory factors and for generating curves that quantify the response to a 
particular factor of interest given averaged levels of the other explanatory factors 
(Friedman, 2001; Friedman & Meulman, 2003; Elith et al., 2008). We used a tree 
complexity of two, i.e. we allowed for pairwise interactions, as these appeared a 
good compromise between explanatory power and interpretability of the models 
(Pilière et al., 2014b). We set the learning-rate at 0.005, making sure to build at 
least 1000 trees for each model, and the bag-fraction at 0.65 (Elith et al., 2008). 
Finally, we used a 10-fold cross-validation procedure to avoid the models 
overfitting the data (Elith et al., 2008). After all BRT models were built, we 
averaged the results of the models, both in terms of model performance 
(predictive power, cross-validation standard error) and in terms of environmental 
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factor contributions, across all components for a given endpoint (e.g., across all 
macroinvertebrate species), excluding the models that were not successful (i.e., 
for which no pattern of environmental response could be detected from the data 
and thus no predictive model could be built). 
 
Appendix S6.2 List of the 128 fish species included in the Synthesis 
analyses 
Species name 
Number of sites 
where present 
Abundance 
averaged across 
all sites 
Alosa chrysochloris 11 0.1 
Ambloplites rupestris 441 17.1 
Ameiurus melas 26 0.2 
Ameiurus natalis 383 7.0 
Ameiurus nebulosus 13 0.1 
Amia calva 7 0.0 
Ammocrypta pellucida 21 0.1 
Aplodinotus grunniens 86 2.4 
Campostoma anomalum 494 259.8 
Carassius auratus 20 0.1 
Carpiodes carpio 44 0.5 
Carpiodes cyprinus 129 1.3 
Carpiodes velifer 26 0.1 
Catostomus commersonii 481 51.1 
Clinostomus elongatus 41 0.9 
Cottus bairdii 172 24.4 
Ctenopharyngodon idella 2 0.0 
Culaea inconstans 10 0.1 
Cycleptus elongatus 1 0.0 
Cyprinella spiloptera 381 29.5 
Cyprinella whipplei 23 0.3 
Cyprinus carpio 308 6.4 
Dorosoma cepedianum 187 17.1 
Erimystax dissimilis 32 0.7 
Erimystax x.punctatus 28 0.2 
Erimyzon oblongus 6 0.1 
Erimyzon sucetta 1 0.0 
Esox americanus 119 1.7 
Esox lucius 27 0.1 
Esox masquinongy 7 0.0 
Etheostoma blennioides 453 50.3 
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Appendix 6.2 (Continued) 
Etheostoma caeruleum 385 49.7 
Etheostoma camurum 40 1.9 
Etheostoma flabellare 309 12.4 
Etheostoma maculatum 6 0.0 
Etheostoma microperca 2 0.0 
Etheostoma nigrum 422 18.1 
Etheostoma spectabile 89 2.6 
Etheostoma tippencanoe 21 0.5 
Etheostoma variatum 58 2.0 
Etheostoma zonale 280 20.6 
Exoglossum laurae 12 0.4 
Fundulus catenatus 1 0.0 
Fundulus notatus 80 1.1 
Gambusia affinis 5 0.1 
Hiodon tergisus 5 0.0 
Hybopsis amblops 61 3.0 
Hypentelium nigricans 471 50.2 
Ichthyomyzon fossor 5 0.0 
Ichthyomyzon greeleyi 2 0.0 
Ichthyomyzon unicuspis 2 0.0 
Ictalurus punctatus 183 2.7 
Ictiobus bubalus 28 0.7 
Ictiobus cyprinellus 4 0.0 
Ictiobus niger 10 0.0 
Labidesthes sicculus 75 0.6 
Lampetra aepyptera 38 0.3 
Lampetra appendix 18 0.4 
Lepisosteus osseus 49 0.3 
Lepomis cyanellus 513 21.9 
Lepomis gibbosus 91 1.3 
Lepomis gulosus 39 0.3 
Lepomis humilis 54 1.4 
Lepomis macrochirus 483 14.7 
Lepomis megalotis 260 23.5 
Lepomis microlophus 32 0.5 
Luxilus chrysocephalus 399 61.8 
Luxilus cornutus 104 8.9 
Lythrurus fasciolaris 119 5.9 
Lythrurus umbratilis 88 4.2 
Macrhybopsis storeriana 6 0.0 
Micropterus dolomieux 398 16.2 
Micropterus punctulatus 131 2.5 
Micropterus salmoides 354 3.2 
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Appendix 6.2 (Continued) 
Minytrema melanops 114 2.1 
Morone americana 5 0.0 
Morone chrysops 36 0.2 
Morone saxatalis 2 0.0 
Moxostoma anisurum 143 2.2 
Moxostoma breviceps 64 2.5 
Moxostoma carinatum 30 0.5 
Moxostoma duquesnei 195 9.9 
Moxostoma erythrurum 362 26.4 
Moxostoma macrolepidotum 44 0.9 
Moxostoma valenciennesi 16 0.2 
Neogobius melanostomus 4 0.6 
Nocomis biguttatus 27 1.0 
Nocomis micropogon 86 4.4 
Notemigonus crysoleucas 56 0.8 
Notropis ariommus 1 0.0 
Notropis atherinoides 80 8.6 
Notropis boops 5 0.7 
Notropis buccatus 256 14.8 
Notropis buchanani 6 0.0 
Notropis dorsalis 8 0.3 
Notropis hudsonius 1 0.0 
Notropis photogenis 233 9.4 
Notropis rubellus 184 18.6 
Notropis stramineus 331 47.6 
Notropis volucellus 101 4.8 
Notropis wickliffi 2 0.1 
Noturus eleutherus 9 0.1 
Noturus flavus 169 1.5 
Noturus gyrinus 19 0.1 
Noturus miurus 49 0.4 
Noturus stigmosus 4 0.0 
Oncorhynchus mykiss 14 0.1 
Perca flavescens 47 1.1 
Percina caprodes 317 6.9 
Percina maculata 198 2.8 
Percina phoxocephala 29 0.3 
Percina sciera 32 0.5 
Percina shumardi 1 0.0 
Percopsis omiscomaycus 48 1.4 
Phenacobius mirabilis 98 3.3 
Phoxinus erythrogaster 29 0.8 
Pimephales notatus 571 121.8 
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Appendix 6.2 (Continued) 
Pimephales promelas 85 1.7 
Pimephales vigilax 25 0.3 
Pomoxis annularis 92 3.4 
Pomoxis nigromaculatus 70 0.6 
Pylodictis olivaris 57 0.4 
Rhinichthys obtusus 200 24.2 
Salmo trutta 16 0.5 
Sander canadensis 47 0.5 
Sander vitreus 11 0.1 
Semotilus atromaculatus 445 62.3 
Umbra limi 31 0.3 
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